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a b s t r a c t
The Mount Poser gabbro is a l ayer ed  gabbroic  p l u t on ,  
which consists  of  two rock s e r i e s  - -  the p i a g i o c l a s e - o l i v i n e  
se r i e s  (A01N, LAT, 0A01G, A01G) and the p i a g i o c l a s e - p y r ox e n e  
s e r i e s  (AGN, AG).  The o l i v i n e - b e a r i n g  se r i es  consi sts  of  
cumulate p l a g i o c l a s e ,  o l i v i n e ,  spinel  and c l i n o p y r o x e n e , 
-whereas the n o n - o l i v i n e  bear ing se r i e s  consists  of  cumulate  
p l a g i o c l a s e ,  or thopyr oxene,  c l i n o p y r o x e n e , amphibole and 
opaque mi n e r a l s .
X . R . F .  analyses of  f o r t y - s i x  c o e x i s t i n g  p l a g i o c l a s e s , 
o l i v i n e s ,  c l i n o p y r o x e n e s , or thopyroxenes and amphiboles,  
r e pr e s e n t i n g  a l l  the rock uni ts  ( 7 ) ,  have been made from the 
Mount Poser gabbroic p l u t on .
The p l a g i o c l a s e  is unzoned wi th  a composi t ion ranging  
from Angy to Angy in the o l i v i n e - b e a r i n g  se r i es  and from Angg 
to Angg in the pyroxene- bear i ng  s e r i e s .  O l i v i n e ,  which only  
occurs in the o l i v i n e - b e a r i n g  s e r i e s ,  ranges in composi t ion  
from FOyg ^ to ^°72 5 * d  i n ° P y  r oxene belongs to the
d i o p s i d e - s a l i t e  se r i es  and occupies the composi t ional  range 
between Ca^Mg^gFe^g and Ca^g Mg^g Fe  ^^ • The or thopyroxene  
belongs to the b r o n z i t e - h y p e r s t h e n e  se r i es  and has the  
composi t ion of  hypersthene ( Ca2 Mg^^Fegy) in the LAT u n i t .  
S u b s i l i c i c  amphibole ranges from t schermak i t e  to p a r ga s i t e  
in the p i a g i o c l a s e - o l i v i n e  ser i es  and i t  ranges from 
magnesio-hornblende to f e r r o a n  p a r g a s i t e  in the p l a g i o c l a s e -
v i i i
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o l i v i n e  s e r i e s  and i t  ranges from magnesio-hornblende to 
f e r r o a n  p a r g a s i t e  in the p l a g i o c l a s e - p y r o x e n e  s e r i e s .
The chemical  composi t ions o f  the mi nera l s  i n d i c a t e  t h a t  
the p luton was der i ved  from a high AlgOg ( o l i v i n e )  b a s a l t .  
This is supported by the comparison of  the composi t ions of  
the cumulate minera l  assemblages o f  the p luton wi th  the  
composi t ions of  the cumulate mi ner a l s  of  o t he r  wel l  
descr ibed complexes and vo lcanoes.
C a l c u l a t i o n  of  t r a c e  element  c o n c e n t r a t i on s  in the  
mi ner a l s  has been done to t r ace  the e v o l u t i o n  o f  the p l u t o n .  
This showed t h a t  the cumulate rock un i t s  in the p l a g i o c l a s e -  
o l i v i n e  s e r i e s  were der i ved  from a mel t  of  h i gh- a l umi na  
t h o l e i i t i c  b a s a l t  and the cumulate rock uni t s  in the  
p i a g i o c 1 as e-pyroxene ser i es  were d e r i v e d  f ro m  a h igh- a l umi na  
b a s a l t i c  andes i t e  p a r e n t a l  magma of  t h o l e i i t i c  a f f i n i t y  and 
they are supported by the f r a c t i o n a t i o n  sequence 
( p l a g i o c l a s e ,  o l i v i n e ,  c l i n o p y r o x e n e , or thopyroxene and 
a m p h i b o l e ) .
P e t r o g r a p h i c , geochemical ,  modal abundance and 
s t r u c t u r a l  c h a r a c t e r i s t i c s  erf the p luton i n d i c a t e  t h a t  the 
pluton was formed by m u l t i p l e  i n t r u s i o n  of  maf ic  magmas and 
these d i a g n o s t i c  f e a t u r e s  also i n d i c a t e  t h a t  the p luton was 
formd under in s i t u  d i f f e r e n t i a t i o n .
A simple c a l c u l a t i o n  was done to determine whether  the  
g r a n i t o i d  rocks of  the Pe n i n s u l a r  Ranges b a t h o l i t h  are  
cogent i c  wi t h  the gabbros.  In o r der  to produce the g r a n i t i c
ix
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rocks wi t h  an average S i 0 2 of  70%, i t  requi res  a t  l e a s t  75% 
of  the b a s a l t i c  mel t  must be c r y s t a 11i z e d . But the smal l  
volume of  maf ic cumulates assoc ia ted  wi th the b a t h o l i t h  
i n d i c a t e  t h a t  the g r a n i t o i d  rocks can not poss i b l y  be 
der i ved from the gabbros by f r a c t i o n a l  c r y s t a l l i z a t i o n ,  i . e .  
the g r a n i t o i d  rocks are not conenet i c  wi t h  the gabbros.
x
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CHAPTER I
INTRODUCTION
The Mount Poser Gabbro is a l ayer ed  gabbroic  p l u t o n ,  
l oc a t e d  appr ox i ma t e l y  50 km east  of  San Diego,  C a l i f o r n i a ,  
and about  10 km south of Cuyamaca Peak ( F i g .  1)
The p luton u n d e r l i e s  an area of  22 km2 , and is
c r e s c e n t i c  in outcrop p a t t e r n ,  wi th  i t s  long axis t r e n d i n g  
almost  e a s t - w e s t .  The exposed complex ranges in r e l i e f  from 
1036 m above sea l e v e l  a t  i t s  base to 1194 m a t  the summit
of  the h i ghest  of  i t s  twin peaks.
Mount Poser l i e s  w i t h i n  the Cuyamaca Peak Quadrangle  
( F i g .  l ) ,  which is a pp r o x i ma t e l y  in the ce n t r e  o f  the 
n o r t h - w e s t - t r e n d i n g  P e n i ns u l a r  Ranges ( E v e r h a r t ,  19 51 ) .  The 
topography of  the quadrangle is r a t h e r  rugged,  and shows a 
v a r i e t y  of  land forms d i s t r i b u t e d  i r r e g u l a r l y .  These 
i nc l ude  broad t a b l e l a n d s ,  wi th  both rugged s t e e p - s i d e d  
bouldery  peaks,  and broad-based cone-shaped mountains r i s i n g  
above.  Deep gorges and y o u t h f u l  canyons l o c a l l y  cut  below 
the ex t e n s i v e  upland s u r f a c e s ,  but in places the major  
streams f low through broad mature v a l l e y s .  The t h r ee  major  
streams and t r i b u t a r i e s  t h a t  d r a i n  the area f low southwest  
i n t o  the P a c i f i c  Ocean.
The c l i ma t e  of  the quadrangle va r i es  markedly according  
to e l e v a t i o n .  The h igher  e l e v a t i o n s  have g e n e r a l l y  lower
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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3t e mpe r a t u r e s  ( a v e r a g i n g  about  41°F in w i n t e r  and 6 3 . 7 ° F  in  
summer) ,  and g r e a t e r  p r e c i p i t a t i o n  than the  lower  v a l l e y  
l ands along the west  edge o f  the a r e a .  In the  v a l l e y s  the  
w i n t e r s  are m i l d ,  and t h e r e  are few k i l l i n g  f r o s t s .  Snow is 
unknown in the v a l l e y s ,  but  some snow doe's f a l l  on the  
h i g h e r  mount a i ns .  Most l y  the  summers are hot  and dry over  
the whole r e g i o n ,  and t hunders t or ms are not  common.
The v e g e t a t i o n  o f  the q ua dr ang l e  c o n s i s t s  o f  a v a r i e t y  
of  c o n i f e r s ,  deciduous t r e e s ,  bushes,  sh r ub s ,  and g r a s s e s .  
Mount Poser  has a v a r i e t y  o f  brush s p e c i e s ,  the most common 
of  which are the manzan i t a  and yucca p l a n t s ,  but  sage and 
mesqui te  are a l so  found.
Rock exposures are poor  near  the  base o f  Mount Poser ,  
and improve both in number and in s i z e  near  the  summit .
Previous g e o l o g i c  work in the Cuyamaca Peak Quadrangles  
dates back to e a r l y  Annual  Reoorts o f  the S t a t e  
M i n e r a l o g i s t ,  ( 1 8 9 0 ) .  The f i r s t  g e o l o g i c a l  mapping in the  
d i s t r i c t  was done by Hudson,  ( 1 9 2 2 ) .  This  s t udy  was 
f o l l o w e d  by M i l l e r  ( 1 9 3 5 ,  1 9 4 5 ) ,  Larsen ( 1 9 4 8 ) ,  E v e r h a r t  
( 1 9 5 1 ) ,  and more r e c e n t l y  N i s h i mor i  ( 1 9 7 6 ) ,
W a l a w e n d e r ( 1 9 7 6 ) , Walawender  e t  a l . ( 1 9 7 9 ) ,  Wheel er  ( 1 9 7 9 ) ,  
and Walawender  and Smith ( 1 9 8 0 ) .
Broad agreement  e x i s t s  on the i n t e r p r e t a t i o n  of  the  
f i e l d  r e l a t i o n s  which suggest  the f o l l o w i n g  sequence o f  
e-vents.  D e p o s i t i o n  and me ta  morph ism of  sediments to form 
s c h i s t s ,  g n e i s s e s ,  and q u a r t z i t e s  was f o l l o w e d  by the  
emplacement  of  igneous rocks to form the P e n i n s u l a r  Ranges
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
b a t h o l i t h .  Most of  the contacts  in the b a t h o l i t h  are q u i t e  
sharp,  and show t h a t  the i n t r u s i v e  sequence is gabbro-  
t o n a l i t e -  g r a n o d e o r i t e -  g r a n i t e .  According to Larsen 
( 1 9 4 8 ) ,  the b a t h o l i t h  comprises 7% gabbro,  68% t o n a l i t e ,  28% 
g r a n o d i o r i t e , and 2% g r a n i t e .  At some l o c a l i t e s  w i t h i n  the  
Pe n i ns u l a r  Ranges b a t h o l i t h ,  volcanism has accompanied the  
emplacement of  the p l u t o n i c  igneous rocks.
There are severa l  t h e o r i e s  concerning the o r i g i n  and 
the e v o l u t i o n  o f  the p l u t o n i c  rocks of  t h i s  b a t h o l i t h .
Larsen (1948)  proposed t h a t  the whole s e r i e s  o f  p l u t o n i c  
rocks was der i ved  from a gabbr oi c  magma by c r y s t a l  
d i f f e r e n t i a t i o n .  Albarede (1976)  made the a l t e r n a t i v e  
suggest ion t h a t  a l l  o f  the rock types d i f f e r e n t i a t e d  from a 
t o n a l i t i c  par e n t a l  magma. Walawender et  a l . ( 1 9 7 7 ,  19 7 9 ) ,  
Wilson ( 1 9 7 8 ) ,  Wheeler (1979 ) , and Walawender and Smith 
( 1980)  suggested t h a t  the gabbroic  rocks are not c o - g e n e t i c  
wi t h  the g r a n i t o i d  rocks.
These d i f f e r e n c e s  in i n t e r p r e t a t i o n  have an i mpor t ant  
bear ing on a major  cont r over sy  in c u r r e n t  p e t r o l o g i c a l  
theor y  (Leake et  a l . ,  19 80 ) .  The Larsen hypothesis  i mpl i es  
t h a t  g r a n i t o i d  rocks are der i ved  d i r e c t l y  from the e a r t h ' s  
mant l e ,  w h i l e  the i n t e r p r e t a t i o n s  of  Albarede and of  
Walawender and co - wor kers ,  suggest  t h a t  they have a c r u s t a l  
or i  gi n .
This study was under taken to e v a l u a t e  the suggest ion  
t h a t  the gabbroic  and g r a n i t o i d  rocks of  the P e n i ns u l a r  
Ranges b a t h o l i t h  are not c o - g e n e t i c .  For t h i s  purpose,  the
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5c o n s t i t u e n t  mi ner a l s  of  a l l  o f  the p r i n c i p a l  rock types o f  a 
wel l  descr i bed gabbr o i c  p l u t o n ,  the Mount Poser p l u t o n ,  were  
separ a t ed  and ana lysed.  The major  e lement  analyses were  
used to conf i r m the mi ner a l  composi t ions determined by f l a t  
stage o p t i c a l  and X - r a y  d i f f r a c t i o n  methods.  Comparisons o f  
the composi t ions w i t h  those of  the mi ner a l s  o f  a wide 
v a r i e t y  of  we l l  descr i bed  rock s u i t e s  were used to i d e n t i f y  
the magma type f rom which the rocks o f  the Mount Poser  
plut on  formed.  The contents  of  s e l e c t e d  t r a c e  elements in 
the m e l t s ,  w i t h  which the var i ous  mi ner a l s  were in 
e q u i l i b r i u m ,  were c a l c u l a t e d  from the mi nera l  analyses using  
known d i s t r i b u t i o n  c o e f f i c i e n t s .  This i n f o r m a t i o n  was used 
to conf i r m the magma type deduced from the major  element  
compos i t i ons .  Maj or  e lement  and t r a c e  element  v a r i a t i o n s  in  
the mi ner a l s  and the mel ts were examined to see i f  they were  
the r e s u l t  of  c r y s t a l  f r a c t i o n a t i o n ,  and to decide i f  such 
f r a c t i o n a t i o n  could lead to the development  of  the g r a n i t o i d  
rocks of  the b a t h o l i t h .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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REGIONAL GEOLOGICAL SETTING
The Mount Poser gabbr o i c  p l u t on  is p a r t  o f  a l a r g e  
g e o l o g i c a l  p r o v i n c e ,  known as the P e n i n s u l a r  Ranges,  which  
c o n s i s t s  mai n l y  o f  r e g i o n a l l y  metamorphosed rocks and 
p l u t o n i c  i n t r u s i v e s  ( F i g .  2 ) .  This p e t r o g r a p h i c  p r o v i n c e ,  
which is more than 1000 km l ong ,  and has an average wi d t h  of  
100 km, extends from the T r ans ve r se  Ranges ( l a t i t u d e  3 4 ° N ) ,  
in the n o r t h ,  to l a t i t u d e  28°N in Baja C a l i f o r n i a  in the
sout h .  The P a c i f i c  bo r de r l a n d  de f i ne s  the west ern  l i m i t  of
the p r o v i n c e ,  and the San Andreas F a u l t  marks i t s  margin in  
the e a s t .  Much of  the a r ea  is occupied by the P e n i n s u l a r  
Ranges b a t h o l i t h .  Mapping ( M i l l e r ,  1937;  Larsen,  1948;  
E v e r h a r t ,  1951; )  has demonst rated t h a t  the b a t h o l i t h  
comprises a l a r g e  number of  c o a l e s c e n t  p iu t ons  which have 
been i n t r u d e d  s e p a r a t e l y .  The p iutons range in composi t ion
from gabbros to g r a n i t e s .  The b a t h o l i t h  i n t r u d e s
met asedi ment ar y  r o c k s ,  known as the J u l i a n  S c h i s t  of  
T r i a s s i c  or J u r a s s i c  age ( Schwar z ,  1 9 6 9 ) ,  and weakly  
metamorphosed J u r a s s i c  b a s a l t - a n d e s i t e - d a c i t e  v o l c a n i c  rocks  
( L a r s e n , 19 48 ) .
G a s t i l  ( 1975 )  has shown t h a t  the metamorphic and 
P l u t o n i c  rocks w i t h i n  the P e n i n s u l a r  Ranges Pr o v i n c e ,  can be 
d i v i d e d  i n t o  t h r e e  s t r u c t u r a l  and p e t r o g r a p h i c  zones (A,  B,
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and C) , p a r a l l e l  w i t h ,  and symmetr ica l  to the ax i s  of  the  
b a t h o l i t h  ( F i g .  2 ) .  This s u b - d i v i s i o n  is based on 
metamorphic mi nera l  c o n t e n t ,  t e x t u r e ,  de f ormat i on  s t y l e .
The A zone outcrops in the west  and is c h a r a c t e r i z e d  by 
f i n e - g r a i n e d  h o r n f e l s ,  s l a t e s  and p h y l l i t e s ,  in which the  
o r i g i n a l  t e x t u r e s  and f o s s i l s  are commonly pr es er ve d .  The^B 
zone is c h a r a c t e r i z e d  by p l a s t i c a l l y  deformed,  s c h i s t os e  
host rocks,  and fewer  r e l i c t  s t r u c t u r e s  and t e x t u r e s  are  
found in t h i s  a r e a .  I t  occurs on both s ides o f  the C zone.  
The C zone is made up of  c o a r s e - g r a i n e d  si  11 i m a n i t e - b e a r i n g  
s c h i s t s  and gne i s se s ,  and f o l i a t e d  a m p h i b o l i t e s . The 
o r i g i n a l  t e x t u r e s  and s t r u c t u r e s  of  the rocks have a l l  been 
dest royed by the metamorphism.
These f e a t u r e s  are i n t e r p r e t e d  as r e s u l t i n g  from 
metamorphism of  the host  rocks at  d i f f e r e n t  depths ( G a s t i l ,
1 9 7 5 ) .  The c h a r a c t e r i s t i c s  of  the A zone i n f e r  
r e c r y s t a l l i z a t i o n  a t  sha l l ow dept hs ,  those of  the B zone 
suggest  t h a t  metamorphism took place at  an i n t e r m e d i a t e  
depth ,  and those of  the C zone imply t h a t  the rocks formed 
a t  a r e l a t i v e l y  deep l e v e l .
The i n t r u s i v e  rocks o f  the b a t h o l i t h  may be d i v i d e d  
i n t o  a se r i es  of  p e t r o g r a p h i c  s u b - b e l t s  which u n l i k e  the  
metamorphic zones are asymmetr ic in t h e i r  d i s t r i b u t i o n  
( G a s t i l  e t  a l . ,  1 9 7 4 ) .  These workers have recogni zed  a 
gabbro s u b - b e l t  which co i nc i des  w i t h  the western side o f  the  
B zone,  a t o n a l i t e  s u b - b e l t  o c c ur r i n g  in the e a s t  of  the  
B-zone,  and an a d a m e l l i t e  s u b - b e l t  l oc a t e d  in the C zone on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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In the gabbro s u b - b e l t  p lutons of  gabbroic  rocks make 
up more than 20% of  the t o t a l  a r e a ,  t o n a l t t e  and 
g r a n o d i o r i t e  p lu t ons  make up the remainder  of  the a r ea .  
L e u c o c r a t i c  hornb 1 e n d e - b i o t i ’t e  tona l  t t e ,  c o n t a i n i n g  l a r g e  
sphene c r y s t a l s  is the dominant  rock type in the t o n a l i t e  
s u b - b e l t .  L o c a l l y  i t  grades i n t o  g r a n o d i o r i t e ,  a few smal l  
gabbro plutons are present  but no t r u e  g r a n i t e  has been 
mapped. In the a d a m e l l i t e  s u b - b e l t ,  t o n a l i t e s  and 
g r a n o d i o r i t e s  are exposed over  about  50% of  the a r e a ,  and 
gabbr o i c  rocks are absent .  A d a m e l l i t e  and g r a n i t e  
i n t r u s i o n s  make up the remainder  of  the p l u t o n i c  r ocks .
This asymmetry in the d i s t r i b u t i o n  o f  the p l u t o n i c  rock  
types w i t h i n  the b a t h o l i t h  i s  m i r r o r e d  by a chemical  
p o l a r i t y  ( B a i r d  et  a l . , 1 9 7 4 ) .  These authors have shown 
t h a t  Na, K and Si contents  of  the rocks i nc r e as e  
s y s t e m a t i c a l l y  from west  to east  and the Ca, Mg, and Fe 
contents  of  the rocks decrease s y s t e m a t i c a 11y from west  to 
e a s t .  In a d d i t i o n ,  the p l u t o n i c  rocks of  the western s i de
m
of  the b a t h o l i t h  are in generaa l  o l d e r  than those exposed 
f u r t h e r  to the e a s t .  S t r a t i g r a p h i c  ev idence shows t h a t  the  
o l d e s t  p l u t o n i c  rocks in the western p a r t  of  the b a t h o l i t h i c  
b e l t  are o l d e r  than upper J u r a s s i c ,  and t h a t  the youngest  
are p r e - T u r o n i a n . No s t r a t i g r a p h i c  l i m i t s  can be placed on 
the age of  i n t r u s i o n  in the t o n a l i t e  b e l t .  In the  
a d a m e l l i t e  b e l t  the p l u t o n i c  rocks appear  to have i n t r u d e d  
middle or pos s i b l y  upper Cretaceous rocks.  Krummenacher e t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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a l . ,  ( 1975)  using Rb/Sr  and U/Pb ages,  which are in  
agreement  w i t h  the s t r a t i g r a p h i c  l i m i t s ,  have shown t h a t  the  
rocks were emplaced between 145 m.y.  and 95 m.y.  B.P.  in the  
western  h a l f  of  the b e l t ,  and are as young as 80 m.y.  in the  
e a s t e r n  p a r t  of  the b e l t .
The p e t r o g r a p h i c ,  and geochemical  p a t t e r n s  e x h i b i t e d  by 
the rocks of the P e n i n s u l a r  Ranges b a t h o l i t h  are s i m i l a r  to 
those seen in many a c t i v e  i s l a n d  arc systems,  and also to  
those seen in se ve r a l  C o r d i l l e r a n  b a t h o l i t h s  (Smi th e t  a l . ,  
1979;  Bateman and Dodge, 1970;  Cobbing and P i t c h e r ,  19 72 ) .  
The b a t h o l i t h  has t h e r e f o r e  been a t t r i b u t e d  to magmatism at
a subduct ion zone ( G a s t i l ,  1975;  S i l v e r  et  a l . ,  1 9 7 5 ) .
*
Walawender and Smith ( 1980)  commented s p e c i f i c a l l y  on the  
r e s t r i c t i o n  of  the basic plutons to the western margin o f  
the P e n i n s u l a r  Ranges b a t h o l i t h ,  w i t h  regard to t h i s  
compari  son.
The m a j o r i t y  of  the gabbroic  p l u t on s ,  i n c l u d i n g  the  
Mount Poser p l u t o n ,  are exposed in the gabbro s u b - b e l t  of  
the b a t h o l i t h  ( F i g .  2 ) .  In the gabbro s u b - b e l t ,  f i e l d  
ev idence suggests t h a t  the gabbroi c  rocks,  i n c l u d i n g  the  
Mount Poser p l u t o n ,  were emplaced f i r s t ,  f o l l o w e d  by the 
t o n a l i t e s ,  and then the g r a n o d i o r i t e s  ( M i l l e r ,  1935,  1946;  
Larsen,  1948;  E v e r h a r t ,  1951;  N i s h i m o r i ,  1976;  Walawender,
1 9 7 6 ) .  These p l u t o n i c  rocks have been i n t r ude d  i n t o  a 
metamorphosed assemblage of  psammit ic and pel  i t i c  rocks 
known l o c a l l y  as the J u l i a n  S c h i s t  (Hudson,  1922 ) .
Local  names have been a p p l i e d  by M i l l e r  ( 1937)  to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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p l u t o n i c  rocks according to t h e i r  p e t r o g r a p h i c ,  t e x t u r a l  and 
s t r u c t u r a l  f e a t u r e s .  The rocks of  the gabbroic  plutons have 
a l l  been grouped t o g e t h e r  and are r e f e r r e d  to as the San 
Marcos Gabbros.  Rocks having the c h a r a c t e r i s t i c  f e a t u r e s  of  
the Bonsal l  T o n a l i t e  and the Green V a l l e y  T o n a l i t e  (both  
descr i bed below) have been recognized outcropping to the 
west  and east  of  the Mount Poser gabbro r e s p e c t i v e l y .  A l l  
t h r e e  rock uni ts  are cut  l o c a l l y  by dykes o f  the Woodson 
Mountain G r a n o d i o r i t e  and a smal l  screen of  J u l i a n  Sc h i s t  is 
i nc luded in the Green V a l l e y  T o n a l i t e  near the western  
margin of  the Mount Poser Complex.
The J u l i a n  Sch i s t  is made up mainly o f  qua r t z - mi ca  
s c h i s t  and a smal l  amount of  q u a r t z i t e .  The former  is  
g e n e r a l l y  a b r o w n i s h - g r e y , f i n e - g r a i n e d  rock,  made up of  
subhedral  gra ins of  p l a g i o c l a s e  (An10- 3 0 ) ,  q u a r t z ,  and smal l  
shreds of  i n t e r s t i t i a l  mica.  The l a t t e r  is a grey to w h i t e ,  
f i n e - g r a i n e d  rock,  compr is ing a homogeneous aggregate of  
i n t e r l o c k i n g  s u b - a ngu l a r  gra ins o f  c l e a r  quar t z  and f e l d s p a r  
t o g e t h e r  wi t h  minor c o n s t i t u e n t s .
The gabbroic  p l u t o n s ,  i n c l u d i n g  the Mount Poser P l u t on ,  
are commonly l a y e r e d .  They vary in composi t ion from 
p e r i d o t i t e  to a n o r t h o s i t e ,  and i nc lude n o r i t e ,  g a b b r o n o r i t e , 
t r o c t o l i t e  and gabbro.  Hornblende is a common maf ic  
component of  a l l  of  the p l u t ons .
The Bonsal l  t o n a l i t e  is a l i g h t - g r e y ,  coarse grained  
( . 5  mm) b i o t i t e - h o r n b l e n d e  t o n a l i t e .  I t  i s  c h a r a c t e r i z e d  by 
abundant  s t r eaked i nc l u s i o ns  which have also been descr ibed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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as ' pancake-shaped '  d iscs by Larsen ( 1 9 4 8 ) ,  and Ever har t  
( 1 9 5 1 ) .
The Green V a l l e y  t o n a l i t e  is a g r ey ,  medium gra i ned  
( 1 - 5  mm), and r e l a t i v e l y  u n i f o r m,  p y r o x e n e - b i o t i t e -  
hornblende t o n a l i t e .  I t  is s i m i l a r  to Bonsal l  t o n a l i t e ,  but  
i t  l acks the abundant  s t r ea ke d  i n c l u s i o n s .
The Woodson Mountain g r a n o d i o r i t e  is a l i g h t  co l ored  
g r a n i t i c  rock which i n t r u d e s  the n o r t h - e a s t e r n  and 
s o u t h - e a s t e r n  p a r t  of  the gabbr oi c  p l u t o n ,  and is a l so found 
along the n o r t h - w e s t e r n  bor der  of  the gabbroi c  p l u t o n .  I t  
is a f i n e  to medium-grained ( 1 - 5  mm) h o r n b l e n d e - b i o t i t e  
g r a n o d i o r i t e .  Dykes,  both r a d i a t i n g  outward f rom,  and 
c u t t i n g  the l a r g e r  g r a n o d i o r i t e  p l u t on s ,  range in  
composi t ion from g r a n o d i o r i t e  to g r a n i t e ,  w i t h  the l a t t e r  
c o n t a i n i n g  both a p l i t i c  and p e g m a t i t i c  phases.
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CHAPTER I I I
THE
PETROGRAPHY AND GEOCHEMISTRY 
OF THE ROCK'S OF THE 
MOUNT POSER GABBROIC PLUTON
Wheeler  ( 1979)  has shown t h a t  the Mount Poser Gabbroic  
Pluton is a heterogeneous body,  and cons i s t s  o f  f o ur  main 
rock t y p e s ,  ( F i g .  3 ) .  The p r i n c i p a l  c h a r a c t e r f s t i c s  o f  
these rock t y p e s ,  as descr i bed by Wheeler  ( 1 9 7 9 ) ,  and 
supplemented by a d d i t i o n a l  o b s e r v a t i i o n s  , are given below.
1.  A m p h i b o l e - o l i v i n e - n o r i t e  ( A 0 1 N ) * ,  u n d e r l i e s  approx­
i ma t e l y  1.5 km^, or 7% of  the p l u t o n .  I t  is exposed 
mai nl y  on the sout heast  s ide of  the complex,  and at  
two o t he r  l o c a l i t e s  near the c e n t r e  o f  the p l u t o n ,
and one l oc a t e d  near  the southwest  edge o f  the p l u t o n .
2.  L e u c o c r a t i c - a m p h i b o l e - t r o c t o l i t e  ( LAT) ,  u n d e r l i e s  
appr ox i ma t e l y  3 . 5  km , or 16% o f  the p l u t o n .  I t  is  
exposed mainly  at  the e a s t e r n  end of  the complex,  and 
in one smal l  area on the southwest  edge o f  the p l u t o n .
3.  O r t h o p y r o x e n e - a m p h i b o l e - o l i v i n e - g a b b r o  (0A01G) ,  under -
*A11 rock names are a f t e r  S t r e c k e i s e n ,  ( 1 9 7 3 ) .
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l i e s  a p p r o x i ma t e l y  1 .8  km^, or 8% of  the p l u t o n .  I t  
i s exposed in the  c e n t r a l  and n o r t h e a s t  par t s  o f  the  
complex.
4.  Amph i bo l e - ga bbr on or i t e  (AGN) u n d e r l i e s  appr ox i ma t e l y  
14.6  km^, or 66% of  the t o t a l  p l u t o n .  I t  u n d e r l i e s  
an area ex t ending  from the western end to the c e n t r a l  
area of  the complex.
In a d d i t i o n ,  to these f o u r  main rock t y p e s ,  two s u i t e s  
of  dykes p e n e t r a t e  the rocks of  the p l u t o n .  These are  a 
dark g r ey ,  f o l i a t e d  s u i t e ,  and a l i g h t e r  g r e y ,  n o n - f o l i a t e d  
s u i t e .
An i n t r u s i o n  b r e c c i a  is exposed near  the 0A01G/AGN 
boundary.  The i n c l u s i o n s  reach a maximum of  15 x 40 cm in 
d i amet er  and resemble the 0A01G u n i t  in pe t r ogr aphy .  They 
are embedded in a groundmass o f  AGN.
The boundar ies between the complex and the count ry  
r ock s ,  and between the d i f f e r e n t  rock un i t s  o f  the p l u t o n ,  
are not  g e n e r a l l y  exposed.  Hence,  the t ime of  emplacement  
complex as a whol e ,  and the o rder  of  emplacement of  each 
rock u n i t  is u n c e r t a i n .  However,  g r a n o d i o r i t e  dykes 
p e n e t r a t e  the complex and in the absence of  ev idence to the  
c o n t r a r y  i t  is presumed to have been emplaced p r i o r  to the  
g r a n i t o i d  rocks,  in keeping wi t h  the g e n e r a l l y  observed  
r e l a t i  onshi  ps .
Wi t h i n  the complex,  Wheeler  (1979)  has recogni zed  two
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s e r i e s  o f  rocks,  a p i a g i o c l a s e - o 1i v i n e  s e r i e s ,  c o n s i s t i n g  of  
the A01N, LAT, 0A01G and the l i g h t  coloured dykes (A01G) ,  
and a p l a g i o c l a s e - p y r o x e n e  group made up of  the AGN and the  
dark coloured f o l i a t e d  dykes,  (AG) ,  ( Tab l e  1 and F i g .  4 ) .
F i e l d  r e l a t i o n s h i p s  suggest  t h a t  the p l a g i o c l a s e  
- o l i v i n e  s e r i e s  was l a r g e l y  i n t r uded  f i r s t ,  and was 
d i s r upt e d  in par t  by the l a t e r  emplacement of  the  
p l a g i o c l a s e - p y r o x e n e  group.  However,  both sets of  dykes 
p o s t - d a t e  a l l  of  the main un i t s  of  the complex.  The dark 
dykes p os t - da t e  the l i g h t  dykes m i r r o r i n g  the r e l a t i o n s h i p s  
shown by the l a r g e r  u n i t s .  Wheeler  ( 1979 ,  p. 14-19)  has 
discussed the f i e l d  r e l a t i o n s h i p s  in d e t a i l  and concluded  
t h a t  the complex was probably formed by m u l t i p l e  i n t r u s i o n .  
Walawender (1976)  and L i l l i s  (1978)  have a lso shown t h a t  the 
nearby Los Pinos and Corte Madera gabbroic  plutons were 
formed by m u l t i p l e  i n t r u s i o n .
Table  2. summarizes the modal mineralogy o f  the var i ous  
rock u n i t s  found w i t h i n  the Mount Poser Complex.  Wheeler  
(1979)  used the m i n e r a l o g i c a l , t e x t u r a l ,  s t r u c t u r a l  and 
chemical  c h a r a c t e r i s t i c s  of  the AOltf,  LAT, 0A01G, and AGN to 
show t h a t  they are cumulate rocks.  These c h a r a c t e r i s t i c s  
are summarized below,  the cumulus and intercumul us mi ner a l s  
of  the var ious types are t a b u l a t e d  and i l l u s t r a t e d  in Table  
1 and F i g .  4 r e s p e c t i v e l y .
1. A m p h i b o l e - 0 1 i v i n e - N o r i t e  (A01N)
The n o r i t e  is the coarsest  g r a i n e d ,  ( g r a i n  s i ze  4 to
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Table 1. Mineralopies of  each un i t  of  the Mount Poser Pluton.
ROCK
UMIT
CUMULUS OR 
PRIMARY PHASE
INTEERSTITIAL
PHASE
AO IN 
LAT
0A01G
A01G
AGN
AG
PI + 01 + So
(Same as A01N, smal l er  grain si ze & 
mafic content  decreases)
PI + 01 + Sp
PI + 01 + Sn (Minor)  + Cpx 
PI + 01 + Sp + Cpx 
PI + Opx + Cpx 
PI + Amph + Opaq
Opx + Amph 
Opx + Amph
Opx + Amph + 
Opaq (Minor)
Opaq + Amph 
Opaq + Amph 
Opaq + Amph 
Opaq
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LAT A01N 0A01G
C-3 6 MP-18 MP-8T MP—22 C-16 MP-8 6 C-34 MP-59
Plag±ocla3e 62 65 50 46 22 50 53 61
Olivine 9 17 5 33 42 32 12 18
Spinel 2 1 — 2 10 2 - 2
Reaction Corona 8 12 . 2 7 - 3 — —
Orthopyroxene 1 1 3 1 6 5 2 4
Clinapyroxene - — - - - 3- 26 1
Amphibole 9 3 35 6 20 5 6 13
Opaques 9 1 3 * 1 1
>
A01G AGN AG INCLUSIONS
MP-31 C-44 C-9-A c -53  C-•48-3 c-57 C-39 C-45
Plagioclase 43 44 52 60 63 36 60 61
Olivine 3 8 14 - — — - -
Spinel — - 1 - - - - -
Reaction Corona - - - - - - - -
Orthopyroxene 4 9 3 '12 14 - - -
Clinopyroxene- 6 6 13 10 8 - 27 28
Amphibole 31 18 1o 12 ■ 7 46 3 2
Opaques 13 15 1 6 8 18 10 9
Table,2 Modal mineralogy' of tbe Mount Poser-pluton 
Abbreviations as per text*
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LAT A O IN  OAOIG AOIG AGN AG
I -T T =F =F
Ol
Sp
Opx
Cpx
K E Y
I   FRACTIONATEQ OR
I I CUMULUS MATERIAL
iooV^.
50%. 
0%.
MATERIAL FORMED 
IN PLACE
VERTICAL SQALE
Amph
Opacj
<£>
Fig .  4 MINERALOGICAL DISTRIBUTION WITHIN THE MOUNT POSER PLUTON.
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8 mm) of  a l l  o f  Mount Poser rock u n i t s .  i t  consi s ts  of  from 
35 to 40% p l a g i o c l a s e ,  35 to 40% o l i v i n e ,  3% o r t h o p y r o x e n e , 
3% c l i n o p y r o x e n e , 15% amphibole and 10% sp i ne l  (maximum),  
( Tab l e  2 ) .  No p l a n a r  or  l i n e a r  s t r u c t u r e s  occur  in t h i s  
rock t y p e .
The p l a g i o c l a s e  occurs as subhedral  to euhedral  
c r y s t a l s ,  aver ag i ng 3 mm in d i a m e t e r ,  and is unzoned.  F l a t  
stage o p t i c a l  d e t e r m i n a t i o n s ,  and X- r ay  d i f f r a c t i o n  
measurements,  show t h a t  the composi t ion of  the p l a g i o c l a s e  
f e l d s p a r s  in t h i s  u n i t  v a r i e s  from Ang^ to Angg«
O l i v i n e  occurs as subhedral  to e u h e d r a l ,  rounded 
c r y s t a l s ,  up to 2 to 3 mm in d i a m e t e r ,  and commonly forms 
i r r e g u l a r  clumps,  up to a maximum of  1 cm in d i a m e t e r .  I t  
a l t e r s  e x t e n s i v e l y  along cracks to i d d i n g s i t e  and 
magnet i  t e .
The i n t e r s t i t i a l  or thopyroxene occurs as subhedral  
c r y s t a l s ,  up to 3 mm in d i amet er  and has very f i n e  
e x s o l u t i o n  l a m e l l a e  of  c l i nopy r ox e n e  p a r a l l e l  to ( 1 0 0 ) .
The c l i nopy r ox e ne  occurs as subhedral  c r y s t a l s ,  up to 1 
mm in d i a me t e r .  I t  i s  only found in one of  the samples in 
the southwest  corner  of  the p l u t o n .
Spine l  occurs as anhedral  to subhedral  c r y s t a l s ,  up to  
1 mm in d i a me t e r ,  which are u s u a l l y  found in the p o i k i l i t i c  
amphi bol e ,  and as smal l  v e r m i c u l a r  blebs w i t h i n  the r e a c t i o n  
corona between o l i v i n e  and p l a g i o c l a s e .
The amphibole occurs p o i k i l i t i c a l l y  enc l os i ng  o l i v i n e  
and p l a g i o c l a s e  c r y s t a l s .  I t  shows green-brown to green
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p l eochr o i sm,  and patchy c o l o r  zoni ng.  A few samples show 
s p o t t y  a l t e r a t i o n  to a f i b r o u s  t r e m o l i t i c  amphibole.
The cont ac ts  between p l a g i o c l a s e  and o l i v i n e  are  
c h a r a c t e r i z e d  by r e a c t i o n  coronas o f  o l i v i n e  ±  or thopyroxene  
+ amphibole ± (amphibole  + s p i n e l )  + p l a g i o c l a s e .  More 
d e t a i l e d  d e s c r i p t i o n s  are presented in Wheeler  ( 1 9 7 9 ) .
O l i v i n e ,  p l a g i o c l a s e ,  and s p i n e l  are i n t e r p r e t e d  as 
cumulus m i n e r a l s ,  commonly making up more than 80% of  the  
rock .  The i ntercumul us  m a t e r i a l  comprises mai nl y  amphibole ,  
w i t h  smal l  q u a n t i t e s  of  o r t hopyr ox ene ,  and c l i n o p y r o x e n e .
The MgO, and Ni contents  of  the rocks are high and CaO, A1^0^ 
and Sr contents are c o mp a r a t i v e l y  low ( Tab l e  3) r e f l e c t i n g  
the h i gher  percentage of  o l i v i n e  and lower  percentage o f  
p l a g i o c l a s e  p r e s e n t .
2.  L e u c o c r a t i c - A m p h i b o l e - T r o c t o l i t e  (LAT)
The t r o c t o l i t e  i s  a medium to c o a r s e - g r a i n e d  rock,
( g r a i n  s i z e  2 to 5 mm) and cons i s t s  of  up to 65% 
p l a g i o c l a s e ,  15% o l i v i n e ,  2% o r t h o p y r o x e n e , 10% amphibole,  
and 3% s p i n e l .  Opaque mi ner a l s  make up the remainder  of  the  
r o c k ,  ( Tab l e  2 ) .  Two p l a n a r  s t r u c t u r e s  have been i d e n t i f i e d  
in t h i s  rock t y p e .  The rock has a banded s t r u c t u r e  near  the  
e a s t e r n  boundary of  the p luton w i t h  the t o n a l i t e .  The 
banding is the r e s u l t  of  v a r i a t i o n s  in p r o por t i on s  in the  
maf ic  and f e l s i c  mi ner a l s  and is s u b - p a r a l l e l  to the 
boundary.  The s t r u c t u r e  t rends N-S and has a near  v e r t i c a l  
d i p .  Towards the e a s t e r n  summit of  the h i l l  the banding is
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ELEMENT^) LAT A01N A01G OAOIQ
a io 2 41.30-45.02(43.39) 39.25-43 .10(41.40) 40 .05-42.16(40.00) 42 .40-47.66(44.60)
A l2°3 17.46-25.09(22.32) 11.79-19 .90(16.63) 14.97-19.05(17.37) 10.05-21.00(19.75)
T i0 2 0 .0 5 - 0 .16 ( 0 .09 ) 0 .0 3 - 0 ,21 ( 0 .09) 0 .1 1 - 1.40( 0 .05 ) 0 .0 6 - 0 .26 ( O .ld )
iPOgO^ 5 .63 - 9 .90( 7 .54 ) 0 .72 -14 .03 (12 .17 ) 11 .00-13.75(12.10) 6 .51—11.94( 0 .03)
MnO 0 . 07-  0 . 13( 0 . 10) 0 .1 3 - 0 .20( 0 .16) 0 .1 5 - 0 .21( 0 .19) 0 .1 0 - 0 .16 ( 0 .13 )
Mf.O 0.07-16 .29(11 .34) 13.10-26.52(19.02) 10.00-19.69(13.56) 9 .43 -13 .15 (11 .40 )
CaO 11.05-16.40(14.45) 7 .0 0 -1 2 .11( 9 .92) 13.33-15.15(14.23) 11.04-17.04(14.31)
Ha20 0 .5 9 - 0 .97( 0 .73 ) 0 .3 0 - 0 .63 ( 0 .40 ) 0 .5 2 - 1.06( 0 .75) 0 .5 6 - 0 .02 ( 0 .69 )
k20 0 .0 2 - 0 .10( 0 .04) 0 .0 2 - 0 .06( 0 .03) 0 .0 4 - 0 .07( 0 .05 ) 0 .0 2 - 0 .03 ( 0 .03 )
p2o5 0 .004 - 0 .01( 0 .01) 0 .004 - 0 .02 ( 0 .01) 0 .0 1 - 0 .04 ( 0 .02 ) 0 .004- Q.01( O.O l)
ELEMENT(ppm)
V 9 - 90( 30) 6-125( 31) 77-356(260) 26—133( 03)
Cr ' 16—146( 50) 14-121( 40) 25- 71( 41) 45—H 9 ( a5)
Co 14- 2fl( 20) 25- 43( 34) . 32- 35( 34) 17- 33( 23)
Ni 34-110( 62) 09-321(102) 0 -  35( 19) 14—126{ 70)
Zn 19- 44( 30) 51- 79( 65) 62- 03( 74) 23-i 64( 41)
nb 1 - 2( 1) 1 - 5( 2) N/D- 1( 1) 3 - 4( 4)
Si* 261-390(345) 161-333(253) 201-300(297) 242-353(300)
V N/D- 2( 1) H/D (N /0) 4 -  23( 9) H/D- 5( 2)
Nb 1 - 3( 2) 3 - 12( 0) H/D- 2( 1) H/D- 9( 5)
Da 0 -  21( 11) 5 - 20( 10) N/D- 61( 26) 4 - 15( 10)
Table 3 Range and mean value ( in  paren thes is) fo r  the analysed elemonts in  the
rock u n its  o f the Mount P03er p lu to n . (Whuoior, 1079, p. 59- 60)
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g r a d u a l l y  re p l a ce d  by a uni form t e - x t ur e ,  and f i n a l l y  by a 
f o l i a t e d  s t r u c t u r e .  The f o l i a t i o n  is s u b v e r t i c a l  and t rends  
E-W, and is de f i ne d  by l e n t i c u l a r  aggregates o f  maf ic  
mi n e r a l s .
The p l a g i o c l a s e  occurs as a s e r i e s  o f  subhedral  to 
euhedral  i n t e r l o c k i n g  c r y s t a l s ,  up to 2 mm maximum d i a m e t e r ,  
and is unzoned.  F l a t  stage o p t i c a l  d e t e r m i n a t i o n s ,  and 
X- r ay  d i f f r a c t i o n  measurements,  show t h a t  the composi t ion of  
the p l a g i o c l a s e  f e l d s p a r s  in t h i s  u n i t  v a r i e s  from Ang5 to  
An 83
O l i v i n e  occurs as anhedral  to euhedra l  c r y s t a l s  up to  2 
mm in d i a me t e r ,  which show e x t e n s i v e  embayment due to 
r e s o r p t i o n .  Some of  the o l i v i n e  c r y s t a l s  show a l t e r a t i o n  to 
i d d i n g s i t e  and m a g n e t i t e .
Spinel  occurs as subhedral  to euhedral  c r y s t a l s  up to 1 
mm in d i a me t e r .  I t  a l so occurs as v e r m i c u l a r  gra i ns  in a 
r e a c t i o n  corona between o l i v i n e  and p l a g i o c l a s e .
Orthopyroxene occurs as smal l  (1 mm) i n t e r s t i t i a l  
c r y s t a l s  c o n t a i n i n g  very smal l  e x s o l u t i o n  blebs ( 0 . 0 1  mm) of  
c l i no py r ox e ne  p a r a l l e l  to ( 1 0 0 ) .
Amphibole occurs as p o i k i l i t i c  c r y s t a l s  w i t h  
green-brown to green p l eochr o i sm,  and patchy c o l o r  zoni ng .  
The p o i k i l i t i c  amphibole c r y s t a l s ,  up to 8 mm in s i z e ,  
enclose p l a g i o c l a s e  a n d / o r  o l i v i n e  c r y s t a l s .  Some amphibole  
a l t e r s  to a f i b r o u s  t r e m o l i t i c  form.
The contacts  of  o l i v i n e  and p l a g i o c l a s e  are  
c h a r a c t e r i z e d  by r e a c t i o n  coronas,  very s i m i l a r  to those of
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AOIN u n i t .
P l a g i o c l a s e ,  o l i v i n e ,  and s p i n e l  are i n t e r p r e t e d  as 
cumulus m i n e r a l s ,  t y p i c a l l y  making up more than 80% of  the 
r ock .  The remaining 20% is made up mainly  o f  i ntercumulus  
amphibole and opaque mi ner a l s  ( Ta b l e  1 ) .  Care must be 
e x e r c i s e d  in p l a c i n g  too much r e l i a b i l i t y  on t h i s  i n t e r *  
p r e t a t i o n  of  the o l i v i n e ,  which is anhedral  and ameoboid in 
form,  suggest i ng r e s o r p t i o n  by the m e l t ,  and hence a l ack  o f  
e q u i l i b r i u m  p r e v a i l i n g  between the two phases.  However,  
some o f  t h i s  r e a c t i o n  has taken p lace dur ing the f o r ma t i on  
of  the sy mpl e c t i c  r ims.
The rocks are c h a r a c t e r i z e d  by high CaO, A12 0^,  and S r ,  
moderate 2 F e „ 0 _ , and MgO, and low Na„0,  T i 0 „ ,  K„0,  and P0 0C
c .  5  c  C  C  C O
contents  ( Tab l e  3 ) .  These f e a t u r e s  r e f l e c t  the l a r ge  
pr opo r t  ion of  p l a g i o c l a s e  in the rocks .  Si nee the rocks a re 
cumulates l a r g e  d i f f e r e n c e s  in composi t ion e x i s t  in c l o s e l y  
r e l a t e d  rock- types depending upon the r e l a t i v e  p r opor t i ons  
of  the cumulate m i n e r a l s .  Such rock types cannot  be used to  
p l o t  smooth v a r i a t i o n  curves and t h e i r  composi t ions do not  
gi ve  a d i r e c t  i n d i c a t i o n  of  the composi t ion of  the mel ts  
f rom which they were d e r i v e d .
3.  Or t h op y r o x e n e - A mp h i bo l e - 0 1 i v i n e - Ga b b r o  (0A01G)
The gabbro has an average g r a i n  s i z e  of  less than 2 mm, 
and c on s i s t s  of  up to 55 or  60% p l a g i o c l a s e ,  15% o l i v i n e ,
12% c l i n o p y r o x e n e , 3% or t hopyroxene , l ess than 8% amphibole ,  
l ess than 2% s p i n e l ,  and 2% opaques ( T a b l e  2 ) .  I t  is the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
f i n e s t  gra i ned main rock u n i t  in the complex,  and has a 
uni for m t e x t u r e  and s t r u c t u r e ,  showing no evidence of  
f o l i a t i o n  or l i n e a t i o n .
The p l a g i o c l a s e  occurs as a s e r i e s  o f  anhedral  to 
subhedral  i n t e r l o c k i n g  c r y s t a l s ,  l ess than 2 mm in d i a m e t e r ,  
and is  unzoned.  The f l a t - s t a g e  o p t i c a l  de t e r mi n a t i o n s  and 
X- r ay  d i f f r a c t i o n  measurements show t h a t  the composi t ion o f  
the p l a g i o c l a s e  f e l d s p a r s  in t h i s  u n i t  v a r i e s  from Angg to  
Anso* A few p l a g i o c l a s e  c r y s t a l s  show s p o t t y  a l t e r a t i o n  to  
c h l o r i t e  and c a l c i t e .
O l i v i n e  occurs as anhedral  to subhedral  c r y s t a l s ,  l ess  
than 2 mm in d i a m e t e r ,  a l t e r e d  to i d d i n g s i t e  and magnet i t e  
along i n t e r n a l  f r a c t u r e s .
Cl i nopyroxene occurs as anhedral  to subhedral  c r y s t a l s ,  
less than 2 mm in d i a m e t e r .  I t  i s c h a r a c t e r i z e d  by a 
"s i eved"  t e x t u r e  w i t h  the "hol es"  f i l l e d  by l a t e - s t a g e  
amphibole .  The c r y s t a l s  aggregate  t o g e t h e r  w i t h  o t he r  
c l i no p y r o x e n e  g r a i n s ,  forming c l o t s  reachi ng a maximum 4 mm 
in d i a me t e r .
Or thopyroxene g e n e r a l l y  occurs as t h i n  r i ms ,  ( l e s s  than  
0 . 5  mm), which are a d j a c e n t  to the o l i v i n e  in the coronas.
I t  shows moderate p leochroi sm from pale  pink to pale green,  
and has f i n e  e x s o l u t i o n  l a m e l l a e  of  c l f nop yr ox ene  p a r a l l e l  
to ( 1 0 0 ) .
Spine l  occurs as subhedral  c r y s t a l s  and is g e n e r a l l y  
as s o c i a t e d  w i t h  i n t e r s t i t i a l  opaque g r a i n s .  The subhedral  
opaque gra i ns  are found a t  o l i v i n e  to o l i v i n e  gr a i n
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boundar i es .  I n d i v i d u a l  opaque gra i ns  are a lso found,  which  
are s c a t t e r e d  through p l a g i o c l a s e  c r y s t a l s .
P o i k i l i t i c  amphibole ,  up to 8 mm in d i a m e t e r ,  encloses  
a l l  o t h e r  m i n e r a l s .  I n d i v i d u a l  c r y s t a l s  of  amphibole may 
show patchy p leochroi sm in green-brown shades,  and a few 
g r a i n s  show s p o t t y  a l t e r a t i o n  to a f i b r o u s  t r e m o l i t i c  form.
The cont ac t  o f  the p l a g i o c l a s e  and o l i v i n e  is 
c h a r a c t e r i z e d  by a r e a c t i o n  corona (Wheel er ,  1979) .
Amphibole which occurs in the corona,  shows a p leochroism  
f rom pa l e  b l u e / g r e e n  to green c o l o r .  I t  is i n t e r gr own wi t h
sp i ne l  in a f i b r o u s  manner.
Wheeler  (1979)  i n t e r p r e t s  the p l a g i o c l a s e ,  o l i v i n e ,  
sp i ne l  and c l i nopyr oxenes  as cumulus mi ner a l s  in t h i s  rock  
u n i t .  These mi ner a l s  make up from 80% to 90% of  the r ock ,  
the remainder  comprises the i n t e r cumul us  mi ner a l s  
or t hopyr ox ene ,  amphi bol e ,  and opaques.
The CaO, A ^ O ^ *  MgO, Sr ,  and Ni contents  of  these rocks 
are i n t e r m e d i a t e  in va lue between those of  the LAT and A01N 
( Ta b l e  3 ) .  This rock u n i t  is the f i n e s t  gra i ned  of  the  
major  rock u n i t s  and l i e s  along the boundary between the  
o t h e r  p i a g i  ocl  a s e - o l  i vi  ne rocks and the pi agi ocl  ase-pyro-xene  
r ocks .  I t  may r e p r e s e n t  a more r a p i d l y  c h i l l e d  zone o f  the  
p i a g i o c l a s e - o 1 i v i n e  s e r i e s .  I f  t h i s  i n t e r p r e t a t i o n  is 
c o r r e c t  then the rock u n i t  may be consi dered to have a 
composi t ion c l ose  to t h a t  of  the mel t  from which the  
p i a g i o c 1a s e - o 1i v i n e  s e r i e s  was formed.  However,  the unzoned 
mi ner a l s  and f a i l u r e  to c o mp l e t e l y  surround the p l a g i o c l a s e -
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o l i v i n e  rocks suggest  t h i s  i n t e r p r e t a t i o n  may not be 
c o r r e c t .
4.  Amphi bo l e - Gabbr onor i t e  (AGN)
The g a b b r o n o r i t e  is a medium to coarse gra i ned rock 
( g r a i n  s i z e  2 to 5 mm) and cons i s t s  of  60% to 65% 
p l a g i o c l a s e ,  14% or t hopyr ox ene ,  10% c l t n o p y r o x e n e , 12% 
amphibole ,  and 5% opaque g r a i n s ,  ( Tab l e  2 ) .  I t  conta ins a 
weak f o l i a t i o n  de f i ne d  by a l i gnment  of  p l a g i o c l a s e  c r y s t a l s .  
The f o l i a t i o n  t rends NE-SW wi t h  an average dip of  75° to the  
SE\ In the wes t ,  amphibole exceeds or t hopyroxene l ea d i ng  to 
an o v e r a l l  b lack and wh i t e  weathered appearance.  In the  
e a s t ,  or thopyroxene exceeds amphibole ,  l ea d i ng  to an o v e r a l l  
red and whi t e  weathered s u r f a c e .
The p l a g i o c l a s e  occurs as subhedral  c r y s t a l s  up to 5 mm 
maximum d i a m e t e r ,  and is unzoned.  F l a t  stage o p t i c a l  
d e t e r mi n a t i on s  and X- r ay  d i f f r a c t i o n  measurements show t h a t  
the composi t ion of  the p l a g i o c l a s e  f e l d s p a r s  from t h i s  u n i t ,  
v a r i e s  from Art gQ to Angg, in the east  where or thopyroxene is 
dominant ,  and from A n t o  An^g in fhe west  where hornblende  
is dominant .
P r i s m a t i c  or t hopyroxene occurs as subhedral  g r a i n s ,  
aver ag i ng  3 to 4 mm in d i a me t e r .  I t  shows the s t r onges t  
pink to green p l e oc hr o i s m,  among the or thopyroxenes w i t h i n  
the p l u t o n .  I t  a l so has f i n e  e x s o l u t i o n  l a m e l l a e  of  
c l i no py r ox e ne  p a r a l l e l  to ( 1 0 0 ) .
Cl i nopyroxene occurs as anhedral  c r y s t a l s ,  up to 3 mm
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in d i a me t e r .  In a few samples,  aggregates of  these gra i ns  
occur  reaching a maximum d i a me t er  of  1 cm.
Anhedral  opaque g r a i n s ,  l ess than 1 mm in d i a me t e r ,  
occur  as soc i a t ed  wi t h  p o i k i l i t i c  amphiboles.  Spinel  is  
almost  e n t i r e l y  absent  from t h i s  rock u n i t ,  only one very  
smal l  subhedral  c r y s t a l  having been found.
Amphibole g e n e r a l l y  occurs i n t e r s t i t i a l l y ,  but a few 
p o i k i l i t i c a l  c r y s t a l s  up to 1 cm in d i a me t e r  enc l os i ng  
p l a g i o c l a s e  and o r t hopyr ox ene ,  have been noted.
The amphibole shows dark brown/green to l i g h t  
green/brown pleochroi sm and some c o l o r  zon i ng .  There is  
some a l t e r a t i o n  o f  the amphibole to a secondary,  f i b r o u s ,  
t r e m o l i t e  form,
P l a g i o c l a s e ,  c l i n o p y r o x e n e , and or thopyroxene are  
i n t e r p r e t e d  as cumulus m i n e r a l s ,  and g e n e r a l l y  comprise more 
than 85% of  the rock .  The remainder  is made up of  
i n t e rcumul us  amphibole and opaque m i n e r a l s .  This rock u n i t  
is n o t a b l y  h i gher  in NagO, and KgO and V, and s l i g h t l y  
h i g h e r  in SiOg,  and lower  in Ni than the rocks of  the  
p l a g i o c l a s e - o l i v i n e  s e r i e s  ( Tab l e  3 ) .  These d i f f e r e n c e s  are 
e x p l a i n e d  by the absence of  o l i v i n e  ( N i )  and sp i ne l  ( Cr )  and 
the presence of  i nc r eased  amphibole (NagO and KgO) and 
opaques ( V ) .  The i nc r e as e  in amphibole and decrease in 
or thopyroxene from e a s t  to west may r e s u l t  from the presence  
of  i n c r e a s i n g  i n t e rcumul us  l i q u i d  in the system p r i o r  to 
s o l i d i f i c a t i o n .  I t  may r e s u l t  from d i f f e r e n t i a t i o n  w i t h i n  
the u n i t  w i t h  the high temper a t ur e  or thopyroxenes s e p a r a t i n g
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e a r l y  on and modi f y i ng  the composi t ion o f  the me l t .
5.  Dyke Rock Uni ts
Two sets of  dykes are found in the p l u t o n ,  a l i g h t e r  
gr ey ,  n o n - f o l i a t e d  dyke s u i t e  and a d a r k e r  g r ey ,  f o l i a t e d  
dyke s u i t e .
The l i g h t e r  grey ,  n o n - f o l i a t e d  ( AO 1G) dykes average 6 
to 10 cm in w i d t h ,  and reach a maximum of  25 cm. .  They 
t r e nd  most ly NW-SE, dip at  70 to 75°N.  They c o n s i s t  of  43 
to 52% p l a g i o c l a s e ,  3 to 8% o l i v i n e ,  6 to 13% c l i n o p y r o x e n e , 
3 to 9% or t hopyr ox ene ,  16 to 31% amphi bol e ,  ( Tab l e  2.). Two 
sub-groups are r e c o g n i z e d ,  one in which 15% opaque mi ner a l s  
occur ,  and a second c o n t a i n i n g  2% s p i n e l .  The opaque 
mi ner a l s  and sp i ne l  do not  occur  t o g e t h e r .
The p l a g i o c l a s e  occurs as anhedral  to euhedral  
c r y s t a l s ,  and is unzoned.  F l a t  stage o p t i c a l  d e t e r mi na t i ons  
and X- r a y  d i f f r a c t i o n  measurements show t h a t  the composi t ion  
o.f the p l a g i o c l a s e  f e l d s p a r s  in t h i s  u n i t  v a r i e s  from Angg 
to An7g.
Rounded o l i v i n e  occurs as subhedral  c r y s t a l s ,  and may 
be a l t e r e d  to i d d i n g s i t e  and magnet i t e  along the f r a c t u r e s .
Cl i nopyroxene occurs as anhedral  to subhedral  c r y s t a l s ,  
wi t h  a s ieved appearance as descr i bed p r e v i o u s l y .
Orthopyroxene occurs as subhedral  c r y s t a l s ,  up to 1 mm 
in d i a m e t e r ,  and has very f i n e  e x s o l u t i o n  l a m e l l a e  of  
c l i no py r ox e ne  p a r a l l e l  to ( 1 0 0 ) .
The s p i n e l ,  when p r e s e n t ,  occurs as anhedral  to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
31
subhedral  c r y s t a l s  and is found e i t h e r  c l o s e l y  a s soc i a t ed  
wi t h  o l i v i n e  c r y s t a l s  or  as an i n t e r s t i t i a l  phase.  Opaques 
occur as anhedral  to subhedral  c r y s t a l s .
P o i k i l i t i c  amphibole showing moderate p leochroism from 
brown to l i g h t  brown,  encloses s m a l l ,  s ubhe dr a l ,  c l i n o -  
pyroxene and magnet i t e  c r y s t a l s .
The cont ac t  of  the p l a g i o c l a s e  and o l i v i n e  is 
c h a r a c t e r i z e d  by a r e a c t i o n  corona of  o l i v i n e  ±  
or thopyroxene + amphibole + p l a g i o c l a s e .
The mi ner a l ogy  of  these l i g h t  grey dykes ( i . e .  the  
presence of  o l i v i n e  and s p i n e l )  c l e a r l y  i n d i c a t e s  t h e i r  
a f f i n i t i e s  to the p i a g i o c l a s e - o l i v i n e  s e r i e s  but  t h e i r  f i e l d  
r e l a t i o n s h i p s  i n d i c a t e  t h a t  they p o s t - d a t e  the AGN. These 
c o n t r a d i c t o r y  c h a r a c t e r i s t i c s  are p a r t  o f  the evidence  
l ea d i ng  to the suggest ion o f  m u l t i p l e  i n t r u s i o n  t a k i ng  place  
w i t h i n  the complex.  In t h i s  process r a t h e r  s i m i l a r  mel ts  
are a v a i l a b l e  a t  var i ous t imes in the h i s t o r y  of  i n t r u s i o n .  
Wheeler  ( 1 9 7 9 ,  p. 51)  has suggested t h a t  they may r e pr e s e n t  
r e s i d u a l  mel ts d e r i v e d  from the OAOIG phase.  They are lower  
in SiOgi  h i gher  in MgO and SFe^O^ ° n average than the 0A01G 
which makes t h i s  i n t e r p r e t a t i o n  u n l i k e l y .  T h e i r  t ime  
r e l a t i o n s h i p s  suggest  they were formed l a t e r  and t h e i r  
chemi s t r y  may i n d i c a t e  t h a t  they r e p r e s e n t  c r y s t a l  res i due  
a f t e r  some of  the mel t  has been l o s t .
The dark grey ,  f o l i a t e d  (AG) dykes average 6 to 10 cm 
in wi d t h  and reach a maximum of 1 m. The s t r i k e  of  these  
dykes is v a r i a b l e  from NE-SW to NW-SE wi t h  70° to 75° dips S.
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They c o n s i s t  of  up to 36% p l a g f o c l a s e  c r y s t a l s ,  46% 
amphibole ,  and 18% opaque g r a i n s ,  ( Tab l e  2 ) .  The dykes have 
t r a c h y t o i d  t e x t u r e  r e s u l t i n g  from a st rong a l i gnment  of  
amphibole and p l a g i o c l a s e .
The p l a g i o c l a s e  occurs as anhedral  to subhedral  
c r y s t a l s  and is unzoned.  F l a t  stage o p t i c a l  d e t e r mi n a t i o n s  
and X - r a y  d i f f r a c t i o n  measurements show t h a t  the composi t ion  
in t h i s  u n i t  is Angg. C a r l s b a d - A l b i t e  t w i nn i ng  is 
domi n an t .
The amphibole occurs as s i m p ! e - t w i n n e d  subhedral  
c r y s t a l s .  I t  has a st rong p leochr oi sm from green/brown to  
l i g h t e r  green.
Opaque mi ner a l s  occur  as anhedra l  to subhedral  
c r y s t a l s ,  less than 1 mm in d i a me t e r .
Wheeler  ( 1979 ,  p . 5 0 - 5 1 )  suggests t h a t  these dykes have 
g e n e t i c  a f f i n i t i e s  to the p y r o x e n e - p l a g i o c 1ase ser i es  and 
may r e p r e s e n t  the r e s i d u a l  mel t  of  the AGN u n i t .  These 
rocks have lower SiOg,  Na20 ,  and h i g h e r  SFe20g,  MgO, and CaO 
than the AGN u n i t .  T h e i r  we l l  developed t r a c h y t o i d  t e x t u r e  
suggests t h a t  they were emplaced l a r g e l y  as a f i n e l y  
c r y s t a l l i n e  mush and i t  i s  pos s i b l e  t h a t  much o f  the mel t  
was squeezed out from between the c r y s t a l s  and l o s t  dur ing  
i n t rus  i on .
6.  I n c l u s i o n s  ( INC)  from the i n t r u s i o n  b r e c c i a
The i n c l u s i o n s  are commonly rounded in o u t l i n e  and are 
f i n e  gra i ned (1 mm average d ia -meter ) .  They t y p i c a l l y
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c o n s i s t  of  60% p l a g i o c l a s e ,  28% c l i n o p y r o x e n e , 10% opaques 
and about  2% amphibole,  ( Tab l e  2 ) .
These i n c l u s i o n s  are embedded in a groundmass o f  AGN. 
They have an e q u i g r a n u l a r  t e x t u r e  c h a r a c t e r i z e d  by many 
t r i p l e  j u n c t i o n s ,  and are i n t e r p r e t e d  as h o r n f e l s e s .
The p l a g i o c l a s e  occurs as anhedral  c r y s t a l s  and shows 
ragged cores .  F l a t  stage o p t i c a l  d e t e r mi n a t i o n s  and X- r ay  
d i f f r a c t i o n  measurements show t h a t  the composi t ion o f  the  
p l a g i o c l a s e  f e l d s p a r s  in t h i s  u n i t  v a r i e s  from An,.^ to A n ^ .  
(These values have been rede t er mi ned  by f l a t  stage o p t i c a l  
method) .  I t  encloses smal l  c r y s t a l s  of  opaques and 
c l i  nopyroxene.
C1inopyroxene occurs as anhedral  to subhedral  c r y s t a l s  
up to 1 mm in d i a me t er  and shows e x s o l u t i o n  l a me l l a e  of  
c l i nop yr ox ene  p a r a l l e l  to ( 001 )  and very f i n e  l a m e l l a e  of  
or thopyroxene to ( 1 1 0 ) .
Opaque mi ner a l s  occur as anhedral  c r y s t a l s ,  
i n t e r s t i t i a l  between c l i n o p y r o x e n e  and p l a g i o c l a s e ,  and as 
smal l  i n c l u s i o n s  w i t h i n  the c l i n o p y r o x e n e .
Amphibole occurs as i n t e r s t i t i a l  c r y s t a l s .
The t e x t u r e  of  the i n c l u s i o n s  is very s i m i l a r  to t h a t  
of  the 0A01G in hand sample and t h i n  s e c t i o n  r evea l s  t h a t  
the rock is probably  h o r n f e l s e d  by the AGN. A comparison of  
the che mi s t r y  of  the i n c l u s i o n s  w i t h  t h a t  of  the 0A01G 
r e v e a l s  severa l  n o t a b l e  d i f f e r e n c e s .  The SiOg,  TiOgj  EFegO^ 
NagO and KgO contents  are very much h i gher  in the i n c l u s i o n s  
and the MgO and CaO values are lower .  These d i f f e r e n c e s
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suggest  t h a t  metasomat ism as we l l  as metamorphism has 
a f f e c t e d  these r ocks .  In view of  t h e i r  chemical  a l t e r a t i o n  
the mi ner a l s  of  these rocks cannot  be used in t h i s  s tudy.
Summary
Wheeler  ( 1979)  po i n t e d  out t h a t  the rocks of  the Mount  
Poser p luton are c h a r a c t e r i z e d  by high AlgO^,  low t o t a l  
a l k a l i e s ,  KgO, TiOg.  Rb, Ba, Y, and Nb c o n t e n t s .  These are  
c h a r a c t e r i s t i c  f e a t u r e s  of  orogenic  igneous rock s u i t e s  
(Green,  19 8 0 ) .  However,  s ince these rocks have been 
i d e n t i f i e d  as cumulates the chemical  c h a r a c t e r i s t i c s  noted  
are not  those of  the mel ts from which the rocks developed  
and hence cannot  be used to i d e n t i f y  the s p e c i f i c  
associ  a t i  on .
Wheeler  ( 1979)  concluded t h a t  the chemical  
c h a r a c t e r i s t i c s  and mi ner a l  composi t ions suggest  t h a t  the  
rocks of  the Mount Poser complex were d e r i v e d  from p a r e n t a l  
mel ts  of  high alumina b a s a l t / b a s a l t i c  a n d e s i t e  composi t ion .  
This concl us i on is  l a r g e r l y  based on the comparison o f  the  
composi t ion of  the mi ner a l s  from Mount Poser w i t h  those of  
ot h e r  we l l  descr i bed s u i t e s .
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C H A P T E R  iy
EXPERIMENTAL TECHNIQUES 
and
BASIC THEORY'
(A) A n a l y t i c a l  Techniques
Samples f o r  a na l y s i s  were suppl i ed  by C. Wheeler  
( 1 9 7 9 ) .  Those s e l e c t e d  show minimum wea t he r i ng  in hand 
specimen and t h i n  s e c t i o n ,  and are t y p i c a l  r e p r e s e n t a t i v e s  
of  a l l  u n i t s  mapped in the p l u t o n .  The major  element  and 
t r a c e  e lement  (Rb,  Sr ,  Ba, Y,  Z r ,  Nb, N i , Co, Cr ,  V, Cu) 
composi t ions of  a t o t a l  of  47 mi ner a l s  separa t ed  from the  
r e p r e s e n t a t i v e  rock samples,  were de t er mi ned .  The separa t es  
i nc l u de  16 samples of  p l a g i o c l a s e ;  10 samples of  o l i v i n e ,  6 
samples of  c l i n o p y r o x e n e ; 5 samples of  o r t hopyr oxene;  10 
samples of  amphibole.  The chemical  analyses were c a r r i e d  
out on glass d i s c s ,  and rock-powder  p e l l e t s ,  using a P h i l i p s  
PW1410 u n i v e r s a l  vacuum X- r ay  s p e c t r o me t e r .
(B) P r e p a r a t i o n  of  samples f o r  mineral  s e p a r a t i o n
The method used has been descr i bed by Hutchison ( 1 9 7 4 ) .  
A f t e r  a l l  weathered por t i ons  of  the samples were removed,  
the samples were s p l i t  i n t o  smal l  p i e c e s .  The rock chips  
were fed i n t o  the jaw c r us h e r ,  and the crushed m a t e r i a l  was
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ground in a s h a t t e r  box.  Each ground sample was s ieved  
through a bank of  N.S.  s tandard s ieves ( A . S . T . M .  E l l  s e r i e s )  
of  80 ,  100,  200 and 400 mesh. The coarser  f r a c t i o n s ,  those  
remai ning on the 100 s i e v e ,  were reground and sieved aga in .
The 100-200 and 200-400 mesh f r a c t i o n s  were washed in 
w a t e r ,  using an u l t r a s o n i c  c l e a n e r ,  to remove the adher ing  
dust  p a r t i c l e s .  The f i n a l  wash was done wi t h  acetone and 
the sample d r i ed  on a hot p l a t e .
(C) Minera l  se pa r a t i on
The crushed samples conta i ned var i ous mi x tures  of  
p l a g i o c l a s e ,  o l i v i n e ,  or t hopyr oxene ,  c l i n o p y r o x e n e , 
amphibole,  s p i n e l ,  and opaque m i n e r a l s .  The c o n s t i t u e n t  
mi nera l s  of  the samples were separated using magnet ic and 
heavy l i q u i d  methods.
The Franz Isodynamic Magnet ic Separ a tor  (Model L - l )  was 
used f o r  the magnet ic s e p a r a t i o n .  This method is based on 
the magnet ic s u s c e p t i b i l i t y  of  the m i n e r a l ,  i . e .  minera ls  
wi t h  high magnet ic s u s c e p t i b i l i t i e s  are removed a t  a low 
amperage,  and then mi ner a l s  of  decreasing magnet ic  
s u s c e p t i b i l i t i e s  are p r o g r e s s i v e l y  separated by i n c r e a s i n g  
the amperage.  The condi t i ons  used to separa t e  each mineral  
are l i s t e d  in Table 4.
The heavy l i q u i d s  used were S - t e t r a  bromoethane,  and 
methylene i od i d e ,  having s p e c i f i c  g r a v i t i e s  of  2 . 9 5 5 - 2 . 9 6 5  
at  25°C,  and of  3.325 at  20° r e s p e c t i v e l y .  The se par a t i ons  
were c a r r i e d  out using a 200 ml s e p a r a t i ng  funnel  placed in
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Table 4 The procedure of the separation of tainerala
MIC.D
MIC.D
MIC. 13
poEnnssaALic
Piras)
oaTHorrsoxurs
pTrfifl
cLxsQpyaoxEsE
0LTVTH2
(SISK)
OfiTHDFTBOXEHS
MAG. SEP. 
0.5A 15 P 21 S
PiaciocLASE 
0.3A 25 7 15 S
ma.g ._s e p. 
0.7A 15 P 21 S
UTTi T.TQ t
METHYLENE IODIDE
MAO.'sEP. 
0.6l 15 ? 21 3
MAG. SEP. _ 
0.55A 15 P 21 S
CLMOPYEOXENE
HEA. LIQ 
S-TSTHA-BHCMETEASE
OB2SO-CLINO-PYHOXENE
(SISK)
PUHE
PLACIOCLASE
CLINOFYEQXENS
HOHNBLENDE
ORIHOFYBOXENS
(FLOAT)
oiiiTisE
QBTHOFYHQXENE
CL2S0FY2QXEME
H0H231ENDE
MAG. SEP. Magnetic separation
A Amphere
? Forward sloping
S Side tilting
MIC.D. Microscopic determination
XHD.D. X-ray diffraction determination
SEA. LIQ, Heavy Liquid separation
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a we l l  v e n t i l a t e d  fume cupboard.  Mi ne r a l  g ra i ns  having a 
l ower  s p e c i f i c  g r a v i t y  than the l i q u i d  f l o a t ,  those wi t h  
h i ghe r  s p e c i f i c  g r a v i t y  s i n k .
( i ) Procedure
P r i o r  to the s e p a r a t i o n ,  a t h i n  se c t i on  of  each sample 
was examined to det er mi ne  the mi ner a l s  p r e s e n t .  The f low  
c ha r t  ( Tab l e  4) summarizes the s e q u e n t i a l  t r e a t me n t  of  the  
samples and the successive s e p a r a t i o n  of  each of  the 
mi ner a l s  p r e s e n t .
The dry s ieved sample was spread on a paper ,  and a bar  
magnet wrapped in a Kimwipe was used to remove the  
m a g n e t i t e .  The sample was then s l owl y  fed through the  
i sodynamic s e p a r a t o r  w i t h  a s e t t i n g  of  0 . 15  amp, 25° forward  
slope and 15° s ide t i l t ,  and wi t h  medium v i b r a t i o n ,  to  
remove the remaining ma g n e t i t e .  The sample was fed through  
the s e p a r a t o r  again to o b t a i n  pure p l a g i o c l a s e  f e l d s p a r s  in 
the non-magnet ic f r a c t i o n  a f t e r  a number of  runs.  The 
magnet ic f r a c t i o n  was g e n e r a l l y  p o l y m i n e r a 1i c .
Approx i mate l y  lOg of  the p o l y m i n e r a l i c  f r a c t i o n  and 150 
ml o f  heavy l i q u i d  (methylene i o d i d e )  were placed in a 
s e p a r a t i n g  f u n n e l ,  and shaken.  Then the h e a v i e s t  mi nera l s  
( o l i v i n e )  sank and were c a r e f u l l y  dra i ned  o f f ,  c o l l e c t e d  on 
No. 4 Whatman f i l t e r  paper ,  and washed wi t h  acetone.  The 
l i g h t e r  minera l  gra i ns  were then dra i ned  o f f  and washed.
The f l o a t  f r a c t i o n  was then poured i n t o  anot her  s e p a r a t i n g  
funnel  w i t h  S - t e t r a - b r o m o e t h a n e  l i q u i d  and shaken.
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Amphibole c r y s t a l s  f l o a t e d  and the r e s i d u a l  p o l y m i n e r a l i c  
c r y s t a l s  sank and were dra i ned  o f f  f i r s t .  The amphibole  
separ a t e  needed p u r i f i c a t i o n  using the isodynamic s e p a r a t o r  
w i t h  a s u i t a b l e  s e t t i n g .  The r e s i d u e ,  compr is ing  
or thopyroxene and c l i no py r ox e ne  c r y s t a l s ,  was fed i n t o  the  
i sodynamic s e p a r a t o r  under the c o n d i t i o n s  i n d i c a t e d  on Table  
4,  where or thopyroxene c r y s t a l s  were separa ted as the  
magnet ic  f r a c t i o n  and c l i n o p y r o x e n e  c r y s t a l s  as the  
non-magnet ic f r a c t i o n .  The d e t a i l s  o f  each s e p a r a t i o n  are  
descr i bed in the f o l l o w i n g  passages.
( i i )  Se pa r a t i on  o f  p l a g i o c l a s e  f e l d s p a r s
A f t e r  complete removal  of  the f e r r o - m a g n e t t c  mi ner a l s  
the p o l y m i n e r a 1i c  c r y s t a l s  were fed through the magnet ic  
s e p a r a t o r  a t  a s e t t i n g  of  0 . 7  amp ( Tab l e  4 ) ,  as suggested by 
Hutchison ( 1 9 7 4 ) .  The p l a g i o c l a s e  f e l d s p a r s  were c o l l e c t e d  
as the non-magnet ic f r a c t i o n .  The i n i t i a l  se par a t e  was 
examined wi t h  a b i n o c u l a r  microscope and was not pure 
enough.  I t  was necessary to run i t  through the magnet ic  
s e p a r a t o r  t wi ce  more,  a t  a s e t t i n g  of  0 . 8  amp, to obt a i n  a 
s a t i s f a c t o r y  s e p a r a t i o n .  In the m a j o r i t y  of  samples the  
magnet ic f r a c t i o n  remanining was p o l y m i n e r a l i c  and was 
sub j e c t e d  to heavy l i q u i d  s e p a r a t i o n .
( i i i )  Separ a t i on  of  o l i v i n e
The i n i t i a l  heavy l i q u i d  s e p a r a t i o n  was c a r r i e d  out  
using methylene i od i d e  ( S . G.  3 . 3 2 5 ) ,  ( Tab l e  4 ) .  The
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po1y m i n e r a 1i c  sample was shaken in a s e p a r a t i n g  funnel  and 
o l i v i n e  which has a S.G.  g r e a t e r  than 3 . 40  a l lowed to  
s e t t l e .  The o l i v i n e  was then c a r e f u l l y  d r a i ned  o f f  and 
caught  w i t h  a f i l t e r  paper .  O l i v i n e  was washed severa l  
t imes w i t h  acetone and the wash c o l l e c t e d  and s t or ed  in a 
smoked glass b o t t l e  f o r  f u r t h e r  recover y  o f  the heavy 
l i q u i d .  The o l i v i n e  s e p a r a t e  was then d r i e d  on a hot  p l a t e  
and examined w i t h  a b i n o c u l a r  microscope.  A second heavy 
l i q u i d  s e p a r a t i o n  was necessary in o rder  to produce a pure  
o l i v i n e  s e p a r a t e .  The l i g h t e r  s p e c i f i c  g r a v i t y  f r a c t i o n  
which remained f l o a t i n g  on the heavy l i q u i d  was g e n e r a l l y  
p o l y m i n e r a l i c .  I t  was recovered and s ub j e c t e d  to f u r t h e r  
heavy l i q u i d  s e p a r a t i o n .
( i v )  Separ a t i on  of  amphibole
The p o l y m i n e r a 1 i c  samples,  recovered a f t e r  the o l i v i n e  
s e p a r a t i  on ,' were added to 150 ml of  S - t e t r a - b r o m e t h a n e ,
( S . G.  2 . 9 6 2 ) ,  ( Tab l e  4 ) ,  and shaken in the s e p a r a t i n g  
f u n n e l .  Al though or t h opyr ox en e ,  c l i no p y r o x e n e  and amphibole  
have s i m i l a r  s p e c i f i c  g r a v i t y ,  the or thopyroxene and 
c l i no p y r o x e n e  gra i ns  s ink s l owl y  and the amphibole c r y s t a l s  
f l o a t  on the heavy l i q u i d .  The h e a v i e r  mi ner a l s  were run 
o f f  f i r s t ,  c o l l e c t e d  and washed in p r e p a r a t i o n  f o r  f u r t h e r  
t r e a t m e n t .  The f l o a t i n g  f r a c t i o n  was c a r e f u l l y  run o f f  and 
c o l l e c t e d  on a f i l t e r  paper ,  and washed wi t h  acetone.  I t  
was d r i e d  on a hot p l a t e ,  and examined w i t h  a b i n o c u l a r  
microscope.  G e n e r a l l y ,  the sample was i n s u f f i c i e n t l y  pure
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and r e q u i r e d  f u r t h e r  p r ocess i ng .
(v )  P u r i f i c a t i o n  of  amphibole
The amphibole se p a r a t e  was fed through the s e p a r a t o r  at
o o
a s e t t i n g  of  0 . 7  amp w i t h  15 f orward  slope and 21 s ide
t i l t  ( Tab l e  4 ) .  The amphibole c r y s t a l s  then c o l l e c t e d  as
the non-magnet ic  f r a c t i o n  and the or thopyroxene and
c l i nopyr ox ene  c o l l e c t e d  as the magnet ic f r a c t i o n .
( v i )  Se pa r a t i on  of  or thopyr oxene and c l i nopyr ox ene  
Orthopyroxene and c l i no p y r o x e n e  have very  s i m i l a r
s p e c i f i c  g r a v i t y  and cannot  be se pa r a t e d  using heavy 
l i q u i d s .  The b i m i n e r a l i c  sample was fed through the  
isodynamic s e p a r a t o r  a t  a s e t t i n g  of  0 . 5 5  amp wi t h  15° 
forward slope and 21° s ide t i l t  ( Ta b l e  4 ) .  Examinat ion wi th  
a b i n o c u l a r  microscope showed t h a t  the more magnet ic  
f r a c t i o n  conta i ned mai nl y  or t hopyr oxene  w i t h  some 
c l i n o p y r o x e n e , and the less magnet ic f r a c t i o n  cont a i ned  
mai n l y  c l i nop yr ox ene  w i t h  some o r t h o p y r o x e n e . The more 
magnet ic f r a c t i o n ,  ( or thopyroxene dominant )  was fed through  
the s e p e r a t o r  a g a i n ,  a f t e r  reducing the c u r r e n t  to 0 . 5  amp, 
in o r d er  to remove the c l i no pyr ox en e  p r e s e n t .  The less  
magnet ic f r a c t i o n ,  ( c l i no p y r o x e n e  dominant  ) was then fed  
through the s e p a r a t o r  a f t e r  i n c r e a s i n g  the c u r r e n t  to 0 . 6  
amp f o r  f i n a l  p u r i f i c a t i o n .  The process was repeat ed  u n t i l  
s a t i s f a c t o r y  p u r i t y ,  i . e .  g r e a t e r  than 95% of  each minera l  
was ob t a i n e d .
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(D) P r e p a r a t i o n  of  samples f o r  X - r ay  f l u o r e s c e n c e  a n a l y s i s
( i )  P r e p a r a t i o n  of  mi n e r a l - po wde r  p e l l e t s
The minera l  separa t es  were ground in a s h a t t e r  box f o r  
2-3  minutes u n t i l  99% of  the ground m a t e r i a l  passed through  
a 200 mesh s i e v e .  2 . 5g of  the ground mi nera l  were mixed 
t h o r ou g h l y  w i t h  4 drops of  2% p o l y v i n y l  a l cohol  in a p l a s t i c  
v i a l .  The mi x t u r e  was put in an assembled 32 mm die  and 
formed i n t o  a disc by c o u n t e r - r o t a t i o n  of  the perspex  
plunger  and aluminium s l e e v e .  The plunger  and s l eeve  were 
removed and about  4g of  b o r i c  ac i d  backing added.  The r e s t  
of  the d ie  was assembled and the powder pressed wi t h  a 
h y d r a u l i c  press f o r  15 seconds at  9 t ons .  The p e l l e t  was 
then l a b e l l e d  and placed face down on a "ICimwipe" f o r  at  
l e a s t  24 hours to dry .  The per i od  of  dry ing helps prevent  
the p e l l e t s  from cr ac k i ng  when they are heated up by the  
X - r a y s .
( i i )  P r e p a r a t i o n  of  glass discs
A f us i on  mi x t ur e  was prepared by m e l t i n g  3 8 . Og of  
l i t h i u m  t e t r a b o r a t e  ( a n h y d r o u s ) ,  2 9 . 6g of  l i t h i u m  carbonate  
and 1 3 . 2g of  lanthanum ox i de .  The mel t  is poured onto a 
clean aluminum she e t ,  and then ground i n t o  a coarse powder  
when c o o l .  The glass d isc  was prepared by m e l t i n g  0 . 350g  
mi ner a l  powder 0 .025g sodium n i t r a t e  and 1.875g f us i on  
mi x t u r e  in a p l a t i num c r u c i b l e .  This was done by hea t i ng  
the mi x t u r e  w i t h  a Meker bur ner  f o r  20 minutes u n t i l  a l l  the  
powder was d i s s o l v e d ,  and appeared homogeneous wi t h  no
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bubbles.  The mel t  was then poured q u i c k l y  i n t o  a brass 
r i n g - f o r m e r  on a c l ean po l i s he d  brass p l a t e ,  held a t  500°C.
A f i r m  but g e n t l e  pressure is i mmedi a t e l y  a p p l i e d  to the  
bead w i t h  a pol i shed  aluminium p l u n g e r ,  a lso heated to 500°  
C. I f  the glass d i sc  has no bubbles and f i l l s  the brass 
r i n g ,  i t  i s  t r a n s f e r r e d  to a second hot  p l a t e  a t  about  200°C 
f o r  a n n e a l i n g .
( i i i )  P r e p a r a t i o n  of  p l a g i o c l a s e  f e l d s p a r s  f o r  X- ray  
d i f f r a c t i o n  a n a l y s i s  
The p l a g i o c l a s e  f e l d s p a r  was ground to less than 325 
mesh w i t h  an agate p e s t l e  and mo r t a r .  A suspension o f  the  
powder in acetone was then smeared evenl y  over  a glass  
s l i d e ,  and d r i e d  f o r  few mi nut es ,  before  mounting in the  
gon i o me t e r .
(E)  Technique of  the X- r ay  d i f f r a c t i o n
The composi t ion o f  the p l a g i o c l a s e  f e l d s p a r s  was 
determined by X - r a y  d i f f r a c t i o n  as a check on the chemical  
and o p t i c a l  ana l y se s .  A schemat ic diagram of  the X- ray  
d i f f r a c t o m e t e r  is shown in F i g .  5.  Pa t t e r ns  were taken wi t h  
a P h i l i p s  PW1050 D i f f r a c t o m e t e r  using Cu K* r a d i a t i o n  and 
scanning from 27°  to 3 7 ° .  A d i ver gence  p a r a l l e l  s l i t  o f  1 ° ,  
r e c e i v i n g  s i l t  of  0 . 1 °  f i t t e d  w i t h  a Ni f i l t e r ,  and a 
s c a t t e r  s i l t  of  1° were used.  Scans were run a t  a speed of
(29 )  l / 4 ° p e r  minute using a c h a r t  speed of  20 mm per mi nute .  
The i n t e n s i t y  of  the d i f f r a c t e d  beam is recorded
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c o n t i n u o u s l y  on the c h a r t .
The % An was determined by p l o t t i n g  2 0 ( 1 3 1 ) - 2 e ( 1 3 1 ) ,  
and 29("241 ) - 2 8 ( 2 4 1 ) values on diagrams provi ded by Bambauer 
et  a l .  ( 1967 ,  p . 3 3 7 ) .  The r e s u l t s  of  the d e t e r mi n a t i on s  are  
given in Table  5.
(F)  The t heor y  of  X - r a y  f l u o r e s c e n c e  spect roscopy
The techn i que  of X - r a y  f l u o r e s c e n c e  is based on the  
f a c t  t h a t  when the X - r a y  photons ( F i g .  6) from the X- ray  
tube impinge upon the sample at  an average a n g l e ,  secondary  
( f l u o r e s c e n t )  X- rays are emi t t ed  from the sample ( N o r r i s h  
and Chap pe l l ,  1 9 6 7 ) .  This secondary r a d i a t i o n  is composed 
of  va r i ous  i n t e n s i t i e s  of  the c h a r a c t e r i s t i c  wavelengths of  
each element  p r esent  in the sample.
In the f l a t  c r y s t a l  system,  a p o r t i o n  o f  the secondary  
r a d i a t i o n  is s e l e c t e d  by a pr i mary  c o l l i m a t o r ,  and the  
p a r a l l e l  beam is a l lowed to f a l l  onto the plane s u r f a c e  o f  a 
s i n g l e  c r y s t a l .  The r a d i a t i o n  is d i f f r a c t e d  in accordance  
w i t h  Bragg' s  law,  i . e .  nx=2d S i ne ,  where is the wavelength  
of  the r a d i a t i o n  d i f f r a c t e d  through an angle 0 ,  by planes in 
the a na l y s i ng  c r y s t a l  of  spacing d; n is an i n t e g e r .  This  
r e l a t i o n s h i p  a l lows us to use c r y s t a l s  o f  known d spacing to  
s e l e c t  the c h a r a c t e r i s t i c  r a d i a t i o n  of  each e l ement ,  p r esent  
in the rock.  A f t e r  d i f f r a c t i o n ,  the r a d i a t i o n  passes to 
the d e t e c t o r  which is connected to the goniomet er .  The
i n t e n s i t y  of  r a d i a t i o n  of  each wavelength is p r o p o r t i o n a l  to 
the c o n c e n t r a t i o n  of  the correspondi ng e l ement .  The
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SOCK TIPS SAMPLE NO.- 29( 131 )-29( 131) An 29(241)-20(241) An
C-36 2-259 97 0.275 94
LAT MP-18 2.338 100 0.100 84
MP-87 2-198 86 0.200 88
MF-22 2-250 92 0.300 94
AO IN C-16 2.244 93 0.103 83
MP-86 2.269 94 n.s. n.s.
0A01G MP-59 2-231 90 0.251 93
C-34 2.246 93 0.238 92
AGN C-48-B 2.231 90 0.219 90
C-53 1-981 66 n.s.. n.s.
AG C-57 2.248 91 n.s. n.s.
•
C-9-A 2.209 87 n. s. n.s.
A01G C-44 2.231 91 0.144 86
MP-31 2-175 82 0.218 87
INCLUSIONS C-45 1.885 58 0.081 74
C-39 1.809 53 0.363 59
n.s. not significant
Table 5 An $ plagioclase feldspars determined by XZD
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d e t e c t o r  conver ts  the X- rays  i n t o  a form of  energy which can 
be measured and i n t e g r a t e d  over  a f i n i t e  per i od  of  t i me .
Two d i f f e r e n t  types of  d e t e c t o r s  are used in these s t u d i e s ,  
the  gas f l o w  count er  f o r  l i g h t  elements ( a t o mi c  number less  
than 32)  and the s c i n t i l l a t i o n  co unt e r  f o r  heavy elements  
( a t omi c  number g r e a t e r  than 3 2 ) .  A dead t ime c o r r e c t i o n  has 
been determined f o r  each d e t e c t o r  ( 0 . 0 0 0 0 0 1 8 5  and 0 . 000002  
second/count  were used f o r  s c i n t i l l a t i o n  and gas f low  
count e r  r e s p e c t i v e l y ) .
The c on c e n t r a t i on s  of the elements were determined by 
the f i x e d  count  or the f i x e d  t ime method.
In the f i x e d  count  method,  the peak count ing r a t e  was 
obt a i ned  by measur ing the t ime in seconds r e qu i r e d  to  
c o l l e c t  a f i x e d  number of  counts .  A f t e r  dead t ime  
c o r r e c t i o n ,  the c o n c e n t r a t i o n  of  the element  was c a l c u l a t e d  
using ( 1 )
where N
t s
D
S%
U%
t  ~ (N x D)
U% = S% x - S --------------------  ( 1 )
t u -  (N x D) 
f i x e d  number of  counts
t ime f o r  the standard sample in seconds 
t ime f o r  the unknown sample in seconds 
dead t ime of  count er  in seconds 
the c o n c e n t r a t i o n  of  the element  in standard  
sample
the c o n c e n t r a t i o n  of the element  in unknown 
s amp 1e
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In those cases where background count  rapes could not  
be i gnor e d ,  the f i x e d  t ime method was employed.  The t o t a l  
counts accummulated on peak and background p o s i t i o n s  in a 
s e l e c t e d  t i me ,  u s u a l l y  100 seconds f o r  the peak,  40 seconds 
f o r  backgrounds were measured.  Count ing t imes were chosen 
to y i e hd  the r e qu i r e d  l e v e l s  of  p r e c i s i o n .  The 
c o n c e n t r a t i o n  of  the e lement  was ob t a i n ed  from equat i on  ( 2 )
P
U% = S% x ( 2 )
Ps
where Pu = net  Peak of  unknown sample 
Pg = net  Peak of  s tandard  sample
These cere determined using the f o l l o w i n g  equat i on  (3)
P's = (CPS)p -  fC(CPS) bl  + ( CPS) b2 ) ( 3 )
where CPS) ' s = the dead t ime c o r r e c t e d  count i ng ra tes
f  = the background c u r v a t u r e
P's = the dead t ime c o r r e c t e d  net  peak count i nc
r a t es  
b = backgound 
The c u r v a t u r e  of  background,
f  = (CPS)P C4>
(CPS)bl  + (CPS) b2
was obt a i ned  by peak and background count i ng ra t es  o f  a pure
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q ua r t z  p e l l e t .
The major  elements were a l l  analysed using the Cr 
t a r g e t  tube except  f o r  Mn where the W t a r g e t  tube was used.  
The values^ obt a i ned  from the analyses were then c o r r e c t e d  
f o r  the mass abs or pt i on  e f f e c t s  using a computer program.
In t r a c e  e lement  a n a l y s i s  Compton s c a t t e r  peaks were 
measure'  f o r  each sample,  f o r  U . S . G . S .  s t andard  rock powders 
W - l ,  AGV, GSP, BCR, G-2 and f o r  qua r t z  on Ag, Mo, Cr and W 
t a r g e t  t ubes .  Mass ab s or p t i on  values f o r  each sample were 
determined from these d a t a .  The mass abs or p t i on  is 
i n v e r s e l y  p r o p o r t i o n a l  to the i n t e n s i t y  of  the Compton 
s c a t t e r  peak.  The values der i v ed  f rom the measurements 
using the Ag t a r g e t  tube were used to c o r r e c t  the analyses  
of  Nb, Y and Zr  f o r  mass ab s o r p t i on  e f f e c t s .  Those values  
d e r i v e d  from the Mo t a r g e t  tube were used to c o r r e c t  the  
analyses of  Rb, Sr ,  Ni and Cr f o r  mass abs or p t i on  e f f e c t s .  
Using the Cr t a r g e t  t ube ,  values were obt a i ned  to c o r r e c t  
the analyses of  Co, Ba, Cu and Zn f o r  mass abs or pt i on  
e f f e c t s .  The analyses of  V were c o r r e c t e d  f o r  mass 
a b s o r p t i o n  e f f e c t s  using data obt a i ned  w i t h  the W t a r g e t  
t ube .  The p r e c i s i o n  of  the analyses f o r  the major  elements  
determined are l i s t e d  in Table  6 . The a n a l y t i c a l  c o nd i t i ons  
f o r  the major  and t r a c e  elements are given in Tables 7 and 
8 . The t h e o r e t i c a l  p r e c i s i o n  values f o r  Rb, Sr ,  Ba, Zn,  Cu, 
Z r ,  Y,  Nb, V and Ni analyses are ±  5% but Cr and Co should  
be w i t h i n  ± 20%. The p r e c i s i o n  of  the analyses f o r  the  
t r a c e  elements determined are given in Table 6 .
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OXIDE DEVI$t2S P P r M !  s I ON
Si0 2 0.52 50.00 ± 0.260
Al2°3 0.74 4.00
+ 0.029
Ti02 0.78 0.60 + 0.005
Fe203 0.92 8 . 0 0 ± 0.074
MnO 1.98 0.30 + 0.006
MgO 0.80 17.00 + 0.136
CaO 1 . 6 6 2 0 . 0 0 + 0.332
Na20 3.74 a-28 4* 0.024
K 20 0.58 0 . 0 2 £ 0 . 0 0 0 1
PPM ELEMENT AND 
ELEMENT 2*% DEVIATION PRECISION
Ni 9.78 5 0.489
Co 16.50 90 + 14.85
Cr 0.72 60 + 0.432
Ba 0.70 50' + 0.35
Zr 4.00 •30 + 1 . 2 0
Y 0.44 5 + -0 . 0 2 2
Rb 0.60 25 + 0.15
Sr 1.34 30 + 4.02
Nb 1 .8 6 30 + 0.558
V 2 . 0 0 200 H- 4.000
Table 6 Precision of XRF Analyses
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Table 7 Analytical conditions for determination of major elements
COUNTS
or
COUNTER/
HELIPOT
OXIDE TUBE kV raA CRYSTAL COLLIMATOR LL w ATT'N PEAK TIME BKGD TIME SETTING
Si02 Cr 50 40 TLAP Fine 100 190 3 32.05 4x105 — - FC500
Al2°3 Cr 50
40 TLAP Fine 150 250 2 37.70 100s 36.7339.00 40s FC490
Ti02
Fe2°3
Cr
Cr
50
50
40
40
LiF200
LiF200
Fine
Fine
0 
0
ir\ 
lt\
180
200
3
3
86.18
57.53
100s
1x10f  
4x105
85.20
87.OO 40s FC488
FC470
MnO W 50 40 LiF200 Coarse 300 260 3 62.97 100s 62.1563.48
40s FC500
MgO Cr 60 45 ADP Fine 120 350 2 136.57 100s 136.05138.70 40s FC501
CaO Cr 50 40 LiF200 Fine 250 230 3 113.14 1x10 - - FC510
Na20 Cr 60 50 TLAP Coarse 190 300 2 54.89 100s
53.00
55.40
40s FC526
k2o Cr 50 40 TLAP Fine 250 300 3 16.61 100s 15.9518.00 40s FC516
P2°S Cr 50 40 Germ Coarse 250 250 2 141.00 100s 143.00 40s FC492
* 1x10- counts for olivine and orthopyroxene 
4x10 for clinopyroxene and hornblende 
Explanation of symbols : LL lower level
W window 
ATT'N Attenuation
BKGD background 
FC flow counter
S seconds
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Table B Analytical conditions for determination of trace elements
ELEMENT TUBE kV mA CRYSTAL COLLIMATOR LL W ATT'N PEAK TIME
V W 60 50 LiP220 Pine 400 300 3 123.37 100s
Gr Mo 55 25 LiF200 Coarse 100 300 3 69.36 100s
Co Cr 55 40 LiP220 Coarse 110 200 3 77.78 100s
Ni Mo 60 25 LiP220 Coarse 24O 270 3 71.14 100s
Rb Mo 60 30 L1F220 Pine 200 400 3 37.99 100s
Sr Mo 60 30 LiP220 Pine 200 400 3 35.85 100s
Y Ag 50 40 LiP220 Pine 160 340 3 33.88 100s
Zr Ag 50 40 LiF220 Pine 160 340 3 32.07 100s
Nb Ag 60 40 LiP220 Pine 170 350 3 30.44 100s
Ba Cr 60 40 LiF200 Pine 150 250 3 87.32 100s
Cu Cr 50 40 LiP200 Coarse 100 200 3 45.00 100s
Zn Cr 50 40 LiP220 Pine 210 330 3 60.64 100s
121.00
126.80
68.60
70.80
77.30
80.50 
70.00
73.00
37.00 
41.10 
35.10
37.00
33.20
35.00 
29.70
33.20
29.90
33.20 
70.60
90.00
44.00
46.00
60.00
61.50
TIME
counter/
HELIPGT
SETTING
40s FC510
40s FC48O
40s FC466
40s FC488
40s SC250
40s SC250
40s SC240
40s SC240
40s SC230
40s FC488
40s SC260
40s SC 280
Explanation of symbols: Sc Scintillation Counter
other symbols as in previous Table.
CJ1
to
CHAPTER V
THE
GEOCHEMISTRY OF MINERALS 
OF THE
MOUNT POSER GABBROIC PLUTON
A. I n t r o d u c t i o n
M i l l e r  ( 1 9 3 8 ) ,  Larsen ( 1 9 4 8 ) ,  Larsen and D r a i s i n  
( 1 9 5 0 ) ,  Nockolds and A l l e n  ( 1 9 5 3 ) ,  Sen e t  a l .  ( 1 9 5 9 ) ,  Simon 
and R o l l i n s o n  ( 1 9 7 6 ) ,  and N i s h i mo r i  ( 1 9 76 )  have r e p o r t e d  
dat a  f o r  the ma j or  and t r a c e  e l e me nt  c o n c e n t r a t i o n s  o f  the  
m i n e r a l s  p r e s e n t  i n  the igneous rocks o f  the P e n i n s u l a r  
Ranges b a t h o l i t h .  These r e p o r t s  i n c l u d e  data  f o r  the  
mi n e r a l s  o f  the g a b b r o i c  rocks (Appendices I to V ) .  In  
these  s t u d i e s ,  m i n e r a l s  have been ana l y z ed  from a v a r i e t y  o f  
rock types w i t h o u t  having e s t a b l i s h e d  the r e l a t i o n s h i p s  o f  
the rocks to each o t h e r .  N i s h i mor i  ( 1 9 7 5 ) ,  in a s tudy which  
was more d e t a i l e d  than the o t h e r s ,  an a l yzed  m i n e r a l s  f rom 
two s e p a r a t e  g a b br o i c  p l u t o n s .  However ,  he d i d  not  
e s t a b l i s h  the r e l a t i o n s h i p s  w i t h i n ,  or  between the p l u t o n s .  
His work f a i l e d  to r e v e a l  the m u l t i p l e  i n t r u s i v e  n a t u r e  o f  
the m a j o r i t y  o f  the ga b br o i c  p l u t ons  in the P e n i n s u l a r  
Ranges b a t h o l i t h ,  or  the e x i s t e n c e  o f  two d i s t i n c t  rock  
s e r i e s ,  the o l i v i n e - p y r o x e n e  g a b b r o n o r i t e  s e r i e s ,  and the  
amphibole gabbro s e r i e s  (Walawender  and Smi t h ,  1 9 8 0 ) .
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This work seeks to f o l l o w  up these s t ud i e s  in more 
d e t a i l  using samples from a complex in which the  
r e l a t i o n s h i p s  of  the rocks present  are known. The 
o l i v i n e - p y r o x e n e  g a b b r o n o r i t e  s e r i e s  can be d i v i d e d  i n t o  two 
subser i es  — the o l i v i n e -  c l i n o p y r ox e n e  subser i es  and the  
amphi bo l e - or t hopyr ox ene  s u b s e r i e s .  The former  s e r i e s  is 
def i ne d  by the presence of  o l i v i n e  a n d / o r  i n t e r s t i t i a l  
or thopyr oxene and opaques whereas the l a t t e r  s e r i e s  is 
c h a r a c t e r i z e d  by the absence of  o l i v i n e  and the presence of  
p r i s m a t i c  or thopyroxene and opaques.  The A01N, LAT, 0A01G,  
A01G rock u n i t s  of  the Mount Poser  gabbroi c  p luton  
correspond to the o l i v i n e - c 1inopyroxene subser i es  and AGN 
and AG un i t s  correspond to the amphi bo l e - or t hopyr oxene  
s u b s e r i e s .
The major  mi ner a l s  were separ a t ed  from each o f  the rock  
types as descr i bed  in Chapter  I V .  P l a g i o c l a s e  has been 
separ a t ed  from 16 rock samples r e p r e s e n t i n g  a l l  the rock  
uni t s  descr i bed  in the complex.  O l i v i n e ,  c 1inopyroxene , 
o r t h o p y r o x e n e , and amphibole have been separ a t ed  from 10,  5,  
5,  and 10 rock samples r e s p e c t i v e l y .  The number o f  each 
mi nera l  species separa t ed  from each rock u n i t  is shown on 
the f o l l o w i n g  ch a r t  (Tab l e  9 ) .  Samples l o c a l i t i e s  are shown 
on F i g .  7.
The f u l l  minera l  ana lyses of  the p l a g i o c l a s e  o l i v i n e  
group and the p l a g i o c l a s e  pyroxene group,  are presented in 
t a b u l a r  form and t h e i r  more i mpor t an t  f e a t u r e s  are commented 
on i n the t e x t .
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Table 9 Number of mineral samples separated from each rock unit. 
AOIN LAT OAOIG AOlG AGN AG
Plagi oc lase  3 3 2 3 2 1
Ol i v i ne  3 2  2 3
Cl inopyroxene 1 - 1 2 1 -
Orthopyroxene - 1 - 2 2 -
Hornblende 3 3 - 2 1 1
INC
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The chemical  composi t ions o f  the mi ner a l s  are used as 
i n d i c a t o r s  of  the p a r e n t a l  magma or magmas o f  the Mount 
Poser gabbr oi c  p l u t o n .  An a t t e mpt  is made to i d e n t i f y  
chemical  d i f f e r e n c e s  between the mi ner a l s  o f  the var i ous  
u n i t s  mapped w i t h i n  the p lu t on  which suppor t  the suggest ion  
t h a t  the complex was formed by m u l t i p l e  i n t r u s i o n .  Chemical  
t rends  are sought  w i t h i n  the mi ner a l s  of  the i n d i v i d u a l  rock 
u n i t s ,  and between the mi ner a l s  of  s e p a r a t e  u n i t s ,  which are  
i n d i c a t i v e  of  d i f f e r e n t i a t i o n  in s i t u .
A c a r e f u l  comparison of  the composi t ions of  the  
cumulate minera l  assemblages of  the Mount Poser gabbroi c  
p l u t o n ,  w i t h  the composi t ions of  the cumulate mi ner a l s  of  
wel l  descr i bed maf ic  i n t r u s i v e  complexes,  and w i t h  the  
composi t ions of  cumu l a t e  mi ner a l s  o f  v o l c a n i c  blocks and 
phenocrysts in l ava f l o w s ,  has been made. The purpose o f  
t h i s  comparison is to e s t a b l i s h  the composi t iona l  a f f i n i t i e s  
of  the gabbr os , and to t r y  to i d e n t i f y  the parent  magma type  
or types from which they formed.
C a l c u l a t i o n s ,  using the t r a c e  e lement  composi t ions of  
the m i n e r a l s ,  and we l l  e s t a b l i s h e d  p a r t i t i o n  c o e f f i c i e n t s ,  
were c a r r i e d  out  to determi ne the t r a c e  element  contents  of  
the mel ts from which the cumulate rocks were d e r i v e d .  This  
i n f o r m a t i o n  is used to conf i r m the composi t ion o f  the  
p a r e n t a l  magma t y p e ,  and to f o l l o w  the d i f f e r e n t i a t i o n  
t rends of  the mel t  f r a c t i o n s .
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B. Geochemistry of  Mi nera ls  
1) P l a g i o c l a s e
Pure p l a g i o c l a s e  separates f o r  a n a l y s i s ,  have been 
obt a i ned  from 3 samples of  the A01N u n i t ;  3 of  the LAT u n i t  
2 o f  the 0A01G u n i t ;  3 of  the A01G u n i t ;  2 of  the AGN u n i t ;  
1 of  the AG u n i t ;  and 2 of  the INC u n i t .  Major  element  
analyses and s t r u c t u r a l  formulae are presented in Table  10.  
In the s t r u c t u r a l  formulae a l l  i r on  has been a r b i t r a r i l y  
assigned to the S i ,  A1, T i ,  Fe^+ group,  s ince most of  the 
i r on  in f e l d s p a r s  is Fe^ + and s u b s t i t u t e s  f o r  A1 (Deer  et  
a l . ,  19 63 ) .  Minor  d i f f e r e n c e s  between the o p t i c a l l y  and 
c h e mi c a l l y  determined p l a g i o c l a s e  composi t ions r e s u l t  from 
the d i f f i c u l t y  in o b t a i n i n g  p r ec i se  r e s u l t s  o p t i c a l l y .  The 
t r a c e  element  contents of  the p l a g i o c l a s e s  are l i s t e d  in 
Table 11.
The m a j o r i t y  of  the p l a g i o c l a s e s  analysed have a very  
high a n o r t h i t e  cont ent  ( Tab l e  1 0 ) .  In the p l a g i o c l a s e -  
o l i v i n e  group,  p l a g i o c l a s e  ranges in compost ion from Ang7 5 
( A 01N) to Angg g (A01G) .  In the p i a g i o c l a s  e-pyroxene group 
the f e l d s p a r s  range in composi t ion from Anoc * to An- .  -
0  0 . 0  U  4  .  0
(both in AGN). In the i nc l u s i o ns  the a n o r t h i t e  content  of  
the p l a g i o c l a s e s  ranges from An,.^ g to A n ^  g.
The p l a g i o c l a s e  composi t ions in the main outcrops of  
A01N (average An^g ^) and LAT (average A n ^  ^)> w i t h  an 
average modal abundance of  34% and 64%, d i f f e r  not abl y  from 
those of  the small  outcrops of A01N (MP-8 6 , An ) and LAT
7U « J
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AO 1 N LAT
MP-22 C - 16 MP-86 C- 36 MP-18 MP-87
S102 45.03 45.16 45.96 45.95 43.75 44 .98
A1 203 33.89 34.59 35.34 35.16 35.82 34.84
t i o 2 - 0 . 01 - - - -
Fe2° 3 0 . 46 0 . 75 0. 58 0 . 58 0.46 0 . 40
MnO 0. 02 0 . 02 0 .02 0 . 01 0.01 0.01
MgO - 0 . 72 - - - -
CaO 18.35 18.12 17.97 18.06 18.28 17.65
Na20 0 . 14 0 . 62 0.93 0 .72 0.76 1.28
k2 o 0.18 0.19 0.17 0.17 0 . 17 0 . 19
p 2o5 - 0.03 0 . 01 - - 0 . 01
Numbers o f  1ons on the basis o f  32 ( 0 )
SI 8.455- •16.02 8.  324- 15.94 8.388- 16.07 8.408- 16.07 8.150- 16.08 8.350-
A1 7.501 7.514 7.600 7.582 7.864 7.621
T1 - 0.001 - - - ' -
Fe3+ 0.065- 0.105- 0.080- 0 . 080- 0 .065 0.067-*
Mn 0.002- 0.003- 0.002- 0.001- 0 . 001- 0 .002-
Mg - 0 . 197 - - - -
Ca 3.692 3.79 3.578 4.05 3.513 3.89 3.541 3.84 3.649 3.96 3.510
Na 0.052 0. 222 0.329 0.256 0 . 273 0.461
K 0.042 0 .044 0. 041 0.040 0.041 0 . 044
P - 0 .005- 0 . 0 0 1 ; - - -
An 97 . 53 93.08 90.49 92.28 92.09 87 . 42
4 . 02
Name A n o r t h i t e Anor t h1te A nor t h1te Anor t h1te A n o r t h i t e  Bytownl te
Table 10 Major  e l e me n t s ( wt S ) composi t ions of  plag1ocl ,ase fe l dspar s  
from the d i f f e r e n t  rock types 1n the pluton
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0A01G AOIG
C-34 MP-59 MP-31 C-44 C-9-A
S i 0 2 44.12 46.50 42.30 46.40 46.41
A l 2° 3 33.65 29.85 31.21 34.63 34.73
t i o 2 - - 0.01 0.02 -
Fe2°3 0.60 0.60 0.66 0.80 0.80
MnO 0.01 0.01 0.01 0.02 0.02
MgO - - 0.43 - -
CaO 18.02 18.06 17. 18 16.87 18.04
Na20 0.81 0 .84 1.25 1.30 0.76
<2o 0.18 0.17 0.17 0.17 0.17
P20s - - - - -
Numbers of  ions on the basis of  32 (0)
Si 8.  373-, 8.924-, 8.412- 8.514-, 8.  4 71-j
A1 7.525 15.98 6.752 15.76 7.315 15.83 7.489 16 .12 7.472 16.05
Ti - - 0.001 0.002 -
Fe3+ 0.086- 0.087- 0.098- 0.110- 0.110-J
Mn 0.002-1 0.002-1 0.002- 0.003- 0.003-
Mg - - 0 .127 - -
Ca 3.665 4.01 3.713 4.07 3.660 4.31 3.36 3. 82 3.528 3.84
Na 0.297 0.311 0.482 0.464 0.269
K 0.043 0.042 0.043 0.039 0.041
P - - - - -
An 91.50 91.31 87.45 86.83 91.93
Name A nor t h i t e Anorthi  te 8ytowni  te Bytowni te 8ytowni te
Table IQ cont inued
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AGN AG INCLUSIONS
C-48 C - 5 3 C-57 C-39 C-45
S102 46.69 50.36 44.24 54.08 52.93
a 12°3 32.91 30.86 33.87 28.34 28.41
T102 - 0.01 0.01 0 .01 0.02
Fe2° 3 0 .64 0.61 0.59 0.47 0.60
MnO 0.02 0.01 0 .01 0.01 0.01
MgO - - 0.20 0 . 12 -
CaO 16.91 13.24 17.11 10.80 11.50
Na20 1.49 3.89 1.48 5 . 4 5.04
k2o 0.18 0.22 0.18 0 . 34 0 .49
P2°5 - - - 0 .09 0.05
Numbers of Ions on the basis of 32(0)
SI 8 .688- 16.00 9. 257- 16.04 8.366- 16.00 9 .822- 15.95 9.710-
A1 7.218 6.685 7.548 6.066 6.144
T1 - 0.002 0.001 0. 002 0.002
Fe3+ 0.089- 0.084- 0.085- 0 .064- 0.083-
Mn 0. 003- 0.001- 0.002- 0.002- 0.002-
Mg - - 0.056 0.032 -
Ca 3.371 3.95 2.608 4.05 3.466 4.11 2.101 4 .13 2.261
Na 0.538 1.386 0.544 1.901 1.793
K 0.042 0.051 a . 043 0.078 0.114
P - - - 0.013- 0.008-
An 85.32 64.48 85.52 51.50 54.25
Name Bytownf te Labrador i  te 8ytown i te Labrador i  te Labrado
Table 10 cont inued
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A01N LAT 0A01G
MP -22 C -16 MP-86 C-36 MP-18 MP-87 C -34 MP-59
Rb 2 2 1 1 - 2 1 -
Sr 487 669 554 487 468 546 474 490
Ba 15 25 24 12 11 34 15 12
I - - - - - - -
Zr - - - - -
Nb 2 4 1 1 1 1 1
Cu 20 28 19 32 30 24 33 31
N1 - - - - - - -
Co 2 7 4 - 3 2 - 2
Cr - - T <• - - - -
V - . - 2 - 1 2
A01G AGN AG INCLUSIONS
MP-31 C-44 C-9-A C-53 C-48 C-57 C — 3 9 C-45
Rb 1 1 1 - - 1 2 1
Sr 553 552 546 734 660 695 489 549
Ba 8 8 11 50 23 22 23 85
I — - - - - 4 -
Zr - - - - 30 -
Nb - - 3 2 2 -
Cu 50 27 31 27 36 54 33 25
N1 - - - - - -
Co 4 3 4 4 5 3 3 4
Cr - - - - -
V 3 4 3 2 3 5 1 3
Tabl e 11 Trace elements (ppm) composi t ions of piag1oclases
from the d i f f e r e n t  rock types of  the pluton
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(MP-87,  Arigy ^ ) ,  w i t h  an average modal abundance of  50% and 
50% r e s p e c t i v e l y , exposed along the southwest  margin o f  the 
complex ( F i g .  7 ) .  D i f f e r e n c e s  are also noted in the major  
e l ements .  The CaO, Na 0,  A1 0 , and SiO contents o f  the
b  b  V  Cm
p l a g i o c l a s e s  vary in the same manner as t h e i r  An cont en t s .
K^O content  of  p l a g i o c l a s e s  in A01N is h igher  in the main 
outcrops (average 0.19%) than in the southwestern outcrop
( 0 . 1 7 % ) ,  where as KgO content  of  p l a g i o c l a s e s  in LAT is
lower in the main outcrops (average 0.17%) than in the smal l  
outcrop ( 0 . 1 9 %) .  The Na/Ca r a t i o s  of  the A01N and LAT are  
0 . 0 22  and 0 . 042  in the main out c r o ps ,  and 0 . 0 54  and 0 . 075  in 
the southwestern outcrops r e s p e c t i v e l y .  D i f f e r e n c e s  are  
also noted in the Sr content  of  the p l a g i o c l a s e s .  They 
average 578 ppm and 477 ppm in the main out crops ,  and 554 
ppm and 546 ppm in the southwestern u n i t s ,  of  the A01N and 
LAT r e s p e c t i v e l y .  The Ba cont ent  of  p l a g i o c l a s e s  only show 
d i f f e r e n c e s  between the main outcrops (12 ppm) and in the  
western outcrops (34 ppm) of  the LAT u n i t .  The average Rb 
content  is 1 ppm, and shows no s i g n i f i c a n t  d i f f e r e n c e  from 
u n i t  to u n i t .  There is no c l i nopyr ox ene  in the mode of  any 
of  the samples of  the main u n i t  of  A01N but t h i s  mineral  
occurs in the smal l  southwestern outcrop of  A01N.
I t  has been suggested ( P . 25)  t h a t  the 0A01G u n i t  may 
r e p r e s e n t  a c h i l l e d  margin around the A01N and LAT u n i t s .
The p l a g i o c l a s e s  analyzed from the 0A01G u n i t  have an 
average composi t ion of  A n ^   ^ and a Sr ,  Rb, Ba content  of  
488 ppm, 13 ppm, and 1 ppm r e s p e c t i v e l y ,  and show l i t t l e
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v a r i a t i o n .  The average c o n c e n t r a t i o n  o f  SiO^,  ^ 2 ^ 3 ’
Na2 0 and l<2 0 are 45.31%,  31.75%,  18.04%,  0.83% and 0.18% 
r e s p e c t i v e l y .  The average Na/Ca r a t i o  is 0 . 0 4 8 .
The p l a g i o c l a s e  composi t ion in the A01G dykes ranges 
f rom Ann1 _ to Anoc Q. The modal data ( Tab l e  2) shows t h a t
9 1 • v u U • O
the more c a l c i c  p l a g i o c l a s e  (AnQ1 Q) occurs in ay i. y
s p i n e l - b e a r i n g  dyke wi t h  a 52% modal abundance of  
p l a g i o c l a s e  and the less c a l c i c  p l a g i o c l a s e s  (average An_,  _)O / . C
are found in dykes l a c k i n g  sp i ne l  wi th  lower  modal
p l a g i o c l a s e  abundance (44%) .  The CaO and Na^O contents  of
the p l a g i o c l a s e s  vary in the same manners as t h e i r  An
c o n t e n t s .  The average c o n c e n t r a t i o n  of  SiO^,  AlgO^,  anc* * 2^^
are 45.04%,  33.52% and 0.17% r e s p e c t i v e l y .  The Na/Ca r a t i o s
in the dykes near e a s t e r n  margin ( 0 . 0 4 4 )  are lower  than
those from the c e n t r a l  p lu t on  (average 0 . 0 7 8 ) .  The Ba
c ont ent  of  the p l a g i o c l a s e s  in dykes near  the east ern  margin
(11 ppm) is s l i g h l t y  d i f f e r e n t  from those of  the c e n t r a l
p iu t on (8 ppm).
In the AGN u n i t  of  the p i a g i o c l a s e - p y r o x e n e  group,  the
f e l d s p a r  ranges in composi t ion from Angg, w i t h  660 ppm Sr ,
and 23 ppm Ba, where or thopyroxene is the dominant maf ic
m i n e r a l ,  to An wi t h  734 ppm Sr  and 50 ppm Ba, where6 4
amphibole is the dominant  maf ic  m i n e r a l .  P l a g i o c l a s e  in the  
or t hopyr oxene- domi nant  rock of  t h i s  u n i t  are character ! *zed  
by lower contents of  S i 0 2 ( 4 6 . 6 9 % ) ,  Na20 (1 .49%)  and KgO 
( 0 . 1 8 % ) ,  and h igher  contents of  A1 20  ^ (32.91%)  and CaO 
( 16.91%)  than those of  the amphibo 1e-dominant  rocks of  t h i s
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u n i t .  The Na/Ca r a t i o  of  p l a g i o c l a s e  in or t hopyr oxene-  
dominant  rock is much lower ( 0 . 0 9 1 )  than the  
amphibole-dominant  rock ( 0 . 3 0 5 ) .
The composi t ion o f  the p l a g i o c l a s e  determined from the  
AG u n i t  is Anor _ wi th  695 ppm Sr ,  22 ppm Ba and 1 ppm Rb.
U J i J
The p l a g i o c l a s e  of  t h i s  u n i t  has lower  content  of  SiOg 
( 44.24%)  and h i gher  contents of  A1^0^ ( 3 3 . 8 7 % ) ,  and CaO
( 1 7 . 1 1 % ) ,  than the AGN u n i t .  The Na/Ca r a t i o  of  p l a g i o c l a s e  
in t h i s  u n i t  is 0 . 0 9 .
In the i n c l u s i o n s ,  the composi t ion of  the p l a g i o c l a s e s  
ranges from An to An _ , and the Sr content  ranges
J  n1 • O 0  1 « O
f rom 489 ppm to 549 ppm and the Ba content  ( C - 4 5 ,  85 ppm) is 
the h ighest  among o t her  u n i t s .  The f e l d s p a r s  in the 
i nc l u s i o ns  are character !"zed by the h ighest  average  
c o n c e n t r a t i on  of  SiOg ( 5 3 . 5 1 % ) ,  NagO ( 5 . 2 2 %) ,  and Kg 0 
( 0 . 4 2 % ) ,  and Na/Ca r a t i o  ( 0 . 0 4 3 7 ) ,  and wi th  lowest  AlgOg 
( 28.38%)  and CaO (11.15%)  in the p l u t on .
2 ) O l i v i n e
10 samples of o l i v i n e  were separ a t ed  out  from the
p l a g i o c l a s e - o l i v i n e  s e r i e s ,  3 from the A01N u n i t ;  2 from the
LAT u n i t ;  2 from the 0A01G u n i t  and 3 from the A01G u n i t .
No o l i v i n e  occurs in the p l a g i o c 1 as e-pyroxene s e r i e s .  The
major  element  and t r a c e  element  contents of  the o l i v i n e s  are
presented in Tables 12 and 13 r e s p e c t i v e l y .  O l i v i n e s
average from Fo77 g in the A01N u n i t ,  Fo7g g in the LAT
u n i t ,  Fo in the 0A01G u n i t ,  to Fo„„ „ in the A01G u n i t .
73.7 73 . 0
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API N LAT
MP-22 C - 16 MP-86 C-36 MP-18
S102 37.13 37.76 41 . 24 38.61 36.90
A l 2°3 1.61 2.92 1.30 1 .74 0 .98
T t 0 2 0 . 03 0 . 03 0 . 07 0 . 04 0 .03
Fe2°3 21.70 21.67 22 .54 22,76 24.18
MnO 0.27 0.26 0 . 31 0.30 0.29
MgO 39.28 37.61 34.21 36.51 36.95
CaO 0. 32 0 . 42 1.88 0.52 0.46
Numbers of Ions on the basis of 4 ( 0 )
51 0.924 0.933 1.008 0 . 958 0.930
A1 0.047- 0.085] 0.037- 0 . 0 5 1 0.029-
T1 0 .001 0.001 0 . 001 0.001 -
Fe3 + 0 .406 1.93 0.403 1.89 0 .414 1.75 0 . 425 1.85 0 .459
Mn 0.006 0.005 0.006 0.006 0.006
Mg 1.457 1.385 1.247 1.350 1.308
Ca 0.008- 0 . OH- 0.049- 0.014- 0.013-
Atomic r a t i o s
Mg 78.2 7 7 . 5 75.0 76.1 75.2
Fe 21.8 22.5 25.0 23.9 24.8
100 x Mg
(Mg+Fe3 + H1n) 61 .6  6 0 . 7  57.4  58 . 7  57.6
Name C h r y s o l i t e  C h r y s o l i t e  C h r y s o l i t e  C h r y s o l i t e  C h r y s o l i t e
Table 12 Major  elements (wt«)  composi t ions of  o l i v i n e s  from 
the d i f f e r e n t  rock types In the p l u t on .
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0A01G AOIG
MP-59 C-34 C-9-A C-44 MP-31
S i 0 2 37.85 38.82 37.80 39.51 40.32
A1 03 1.61 0.51 0. 92 1.93 1.80
r , V 0.04 0.07 0.03 0.10 2.03
Fe2°3 24.51 23.15 25.99 22.96 22.26
MnO 0. 32 0.33 0.37 0.33 0.57
MgO 33.72 33 .61 34.62 31.13 30.31
CaO 1.33 3.01 1.20 4.29 3.49
Numbers of ions on the basis of  4(0)
Si 0.956 0.981 0.946 0.989 0.999
A1 0 .048*1 0.015- 0.027- 0 .05 7- 0.053-
Ti 0.001 0.001 0.001 0.002 0.038
Fe3 + 0.446 1.83 0.440 1.81 0.490 1.85 0.433 1.78 0.415
Mn 0.007 0. 007 0.008 0.007 0.012
Mg 1.271 1.265 1.292 1.162 1.120
Ca 0.036- 0.081- 0.032- 0.115- -0.093-
Atomic r a t i o s
Mg 73.2 74.2 72.5 72.9 73.0
Fe 26.8 25.8 24.5 27.1 27.0
100 x Mg
(Mg+Fe3++Mn) 55 .0  56.3  54.1 57.9 54.4
Name C hr y s o l i t e  C h r y s o l i t e  C h r y s o l i t e  C h r y s o l i t e  C h r y s o l i t e
Table 12 cont inued
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AO 1 N LAT
MP -22 C — 16 MP-86 C-36 MP-18 MP-87
Rb 3 2 4 3 7 3
Sr - - - - 1 2
Ba - - - - - 8
I - - - - -
Zr - - - 2
Nb 4 4 5 6 6 5
N1 369 504 301 229 163 112
Co 94 95 87 91 90 63
Cr 73 93 151 42 63 55
V 8 17 51 15 9 72
0A01G A01G
*C-34 HP-59 *MP-31 C -44 C-9-4
Rb 2 4 3 2 -
Sr - - 12 - 7
Ba 3 - 67 - -
I - - - - -
Zr •w - - - -
Nb 5 6 4 6 3
N1 92 193 23 195 104
Co 197 90 145 82 211
Cr 110 106 3 356 34
V 41 22 61 82 14
Table 13 Trace elements (ppm) composi t ions o f  o l i v i n e s  
from the d i f f e r e n t  rock types of  the pluton  
( * pu r e  q ua r t z  added to the sample)
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O l i v i n e  is only p r esent  in specimens where the  
p l a g i o c l a s e  composi t ion is more c a l c i c  than Angg. The modal  
abundances of  o l i v i n e s  are d i f f e r e n t  in each o f  the rock 
u n i t s .  The main outcrops of  A01N and LAT cont a i n  40% and 
13% r e s p e c t i v e l y , and the smal l  outcrops of  these rock types  
in the southwest  cont a i n  32% and 5% r e s p e c t i v e l y .  The 
average modal abundance in the 0A01G uni ts  is 15%. In the  
A01G u n i t ,  o l i v i n e  is more abundant  modal ly (14%) in 
s p i n e 1- b e a r i n g  dykes and is less abundant  ( 6%) in the 
non- spi ne l  bear i ng  dykes.
In the main outcrops o f  the A01N and LAT uni ts  the  
f o r s t e r i t e  content  of  the o l i v i n e s  averages Foyy/g and FO75 g 
and has Mg numbers* of  61 . 2  and 58 . 2  r e s p e c t i v e l y .  The 
c o nc e nt r a t i ons  of  the major  elements S i 0 2 , CaO, MgO, FegO-j,
and AlgOg vary in the same manner as the Fo content  and Mg
numbers.  The o l i v i n e s  have an average of  437 ppm Ni and 95 
ppm Co in . the A01N u n i t ,  and an average of  196 ppm Ni and 91 
ppm Co in the LAT u n i t .
No o l i v i n e  could be separa t ed  f o r  major  element  
a n a l y s i s  from the smal l  outcrop of the LAT u n i t  exposed in 
the southwest  of  the complex.  O l i v i n e s  from the southwest  
exposure of  A01N have a composi t ion of  Fctyg g(MP-8 6 ) ,  and an 
Mg number of  5 7 . 4 .  The o l i v i n e s  from these outcrops conta in  
301 ppm Ni and 87 ppm Co in the A01N u n i t  and 112 ppm Ni and
63 ppm Co in the LAT u n i t .  Thus the Fo c o n t e n t ,  Mg number,
*Mg Number: 100 x Mg/ (Mg + Fe + Mn) .
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and Ni and Co contents  o f  these exposures o f  A01N and LAT 
d i f f e r  s i g n i f i c a n t l y  from the o l i v i n e s  in the main outcrops  
of  these rock t ypes .
In the 0A01G u n i t ,  the o l i v i n e  has an average  
composi ton of  Fo^ 2  ^ and has an average Mg number of  5 5 . 7 .
The average S i 0 2 , A120 , MgO, Fe203 and CaO contents are  
38.34%,  1.06%,  33.67%,  23.83% and 2.17% r e s p e c t i v e l y .  The 
average conce nt r a t i ons  of  Ni and Co are 143 ppm and 144 ppm 
r e s p e c t i  v e l y .
In the A01G u n i t ,  o l i v i n e  ranges in composi t ion from FOy2 
wi t h  a Mg number of  5 6 . 2 ,  where sp i ne l  is present  in the  
dykes,  to Foy2 5 a ^9 number of  5 4 . 1 ,  where sp i ne l  is
absent  from the dykes.  D i f f e r e n c e s  are a lso noted in major  
elements ( S i 0 2 , A l 20g» T i 0 2 , CaO, Fe203 and MgO), which vary  
in the same manner as t h e i r  Fo co n t e n t s .  The Co content  of  
the o l i v i n e s  range in composi t ion from an average o f  114 ppm 
in the non- sp i ne l  dykes,  to an average of  104 ppm in the  
s p i n e l - b e a r i n g  dykes.  The Ni and Sr contents of  these  
o l i v i n e s  are 107 ppm and 6 ppm r e s p e c t i v e l y .
The mean MgO cont ent  of  o l i v i n e s  decreases from 38.45% 
in the A01N u n i t ,  36.73% in the LAT u n i t ,  33.67% in the  
0A01G u n i t ,  to 30.72% in the A01G u n i t  wi th  i nc r e a s i n g  i ron  
cont ent  from 21.69% in the A01N u n i t ,  23.47% in the LAT 
u n i t ,  to 23.83% in the 0A01G u n i t ,  except  in the A01G 
u n i t ( 2 2 . 6 1 %) .  The average Ni cont ent  decreases from 437 ppm 
in the A01N u n i t ,  196 ppm in the LAT u n i t ,  143 ppm in the  
0A01G u n i t ,  to 109 ppm in the A01G u n i t  wi th  decreasing Mg
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number f rom 61 . 2  in the A01N u n i t ,  5 8 . 2  in the LAT u n i t ,  to
5 5 . 7  in the 0A01G u n i t ,  except  in the A01G u n i t ( 5 6 . 2 ) .
3) Cl i nopyr oxene
There are 6 c l i n o p y r o x e n e  samples s e p a r a t e d  f rom 4 rock
u n i t s ;  1 from the A01N u n i t ;  1 f rom the 0A01G u n i t ;  3 from
the A01G u n i t ;  1 from the AGN u n i t .
Maj or  element  ana lyses and s t r u c t u r a l  f o r mu l a e ,  o f  the
c l i n o p y r ox e n e s  are pr esent ed  in Tab l e  14 and are i l l u s t r a t e d
in F i g .  8 . The t r a c e  e lement  contents  of  the  c l i nopy r ox e ne s
are present ed  in Table  15.
A l l  of  the c l i nopy r ox e ne s  ana l yzed  f a l l  w i t h i n  the
c a l c i c  a u g i t e  compo s i t i on a l  f i e l d  ( F i g .  8 ) ,  having Mg number
in the range 72 . 8  to 8 0 . 5 ,  (Fe/Mg r a t i o s  range from 0 . 5 4  to
0 . 8 3 ) .  In the p l a g i o c l a s e - o l  i v i n e  s e r i e s ,  the composi t ion
of  cl  i nopyroxenes range f rom C a ^  3 ^ 4 5  6 ^ 913 2 1n the 0A01G
u n i t  to an. average of  Ca . n ^ g . . ,  . F e . .  „ in the A01G u n i t
U  • 1 4 o  • b  1 1 * 4
and Mg numbers i n c r e a s e  from 77 . 6  to 8 0 . 4  (Fe/Mg r a t i o s  
ranges from 0 . 6 4  to 0 . 5 4 ) .  C l i nopyr oxene  does not occur  in  
the  main outcrops of  the A01N and LAT u n i t s  , or in the  
rocks of  the southwest  outcrop of  the LAT u n i t .  Only one 
sample (MP-8 6 ) of  the A01N u n i t  f rom the smal l  southwest  
o u t c r o p ,  c ont a i ns  t h i s  m i n e r a l .
In the A01N u n i t ,  the compos i t i on  of  the c 1i nopyroxene
is Ca4Q 2 Mg48 4 Fel l  4 h a v i n 9 a number of  8 0 . 5  (Fe/Mg  
r a t i o  0 . 5 4 ) .  The c o n c e n t r a t i o n s  of  S i ^ ,  A^2^3 anc* ^ 1 ^2 in 
c 1 inopyroxene are 50.71%,  4.30% and 0.45% r e s p e c t i v e l y  and
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AO IN 0A01G AO 1G AGN
Mp-86 C-34 Mp-31 C-44 C-9-A C — 5 3
S102 50 . 71 53 .12 51 . 35 51.39 46 . 47 50 . 87
A1203 4 . 30 4 . 24 4 . 34 4 . 17 6 . 79 2 . 98
T102 0 . 45 0 . 40 0 . 62 0 . 59 0 . 3 8 0 . 5 2
Fe20 3 8 . 09 9 . 36 8 . 05 8 . 56 8 . 25 10 . 62
MnO 0 . 1 7 0 . 1 8 0 . 29 0 . 3 1 0 . 1 4 0 . 3 2
MgO 17 . 26 16.78 17.21 18.55 15.46 14.31
CaO 19.97 21 . 08 20 . 53 20 . 47 16 .37 19.42
Na20 - 0 . 18 0 . 2 8 - - 0 . 53
K20 - 0 . 02 - - -
Numbers of  tons on the basis o f  6 ( 0 )
S1 1.832- , 2 . 0 0  1.844- 2 . 00  1.828- [ 2 . 00  1.808- | 1 . 98  1 .793- [ 2 . 01  1.868-
A1 (1 v ) 0.168- ' 0.156- 0.  172- 0.  173- 0 . 207- ' 0 . 128-
A1 ( v 1) 0.015- 0 .018- 0 .010- 0.  102- -
T1 0 . 0 1 2 0 . 011 0 . 016 0 . 016 0 . 011 0 . 014
Fe3+ 0 . 220 0.245 0 . 2 1 6 0 . 227 0 . 239 0 . 2 9 3
Mn 0 . 0 0 5 • 0 . 005 0 . 009 0 . 009 0. 005 0 . 010
Mg 0 . 929 1 . 95  0 . 8 6 8 1.94 0 . 913 1.97 0 . 9 7 3 2 .00  0 . 889 1.92  0 . 811
Ca 0 . 773 0. 784 0.783 0 . 772 0 . 5 7 7 0 . 7 6 4
Na 0 . 012 0.020 - - 0 . 038
K - 0.001- - - -
Mg 48 . 35 45 .76 47 . 76 48 . 55 49 . 25 4 3 . 4 0
Fe 11.44 12.90 11.28 11 .52 13.27 15.  70
Ca 40 . 21 41 . 34 40.96 39.  14 37 .48 40 . 90
100 x Mg
( Mg+Fe3++Mn) 8 0 . 5 0  77 . 64  8 0 . 2 3  . 80 . 48  75 .65
Name Aug l t e  Aug l t e  Aug l t e  Augl te  Augl te
1 .93
72.80  
Aug 1t e
Table  14 Ma j or  e l ement s ( wt S)  composi t ions o f  cl 1 nopyroxenes  
from the d i f f e r e n t  rock tyoes 1n the oluton
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Fig.8 Variation in composition for clinopyroxene and orthopyroxene. 
Symbols used as follow: Q  A01N, A  LAT, OOAOIG, 0  A01G, VAGN. \
0A01G AO 1G AGN
C-34 MP-31 C-44 C-9-A *C-S3
Rb 5 5 3 6 5
Sr 29 102 71 116 73
Ba 39 65 49 34 69
Y 12 31 72 9 11
Zr 11 - 29 5 -
Nb 4 6 2 4 -
N1 72 14 32 87 23
Co 30 31 22 31 54
Cr 1478 16 41 905 29
V 279 208 20 3 279 202
Table 15 Trace elements ( PPm) compos 1t i  ons o f  cl
from the d i f f e r e n t  rock types o f  the p l u t on .  
( * p u r e  q u a r t z  added to the sample)
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have an A1 ( I V )  va lue of  0 . 1 6 8 .  I t  was not p os s i b l e  to  
s e p a r a t e  enough c l i nopyoxene  f o r  any sample of  the A01N u n i t  
f o r  t r a c e  element  d e t e r m i n a t i o n s .
Cl i nopyroxene was s u c c e s s f u l l y  separa t ed  f o r  analyses  
f rom only one sample of  0A1G ( C - 3 4 ) .  I t s  composi t ion is  
Ca. ,Mg — Fe _ w i t h  Mg number of  77 . 64  , (Fe/Mg r a t i o
41,d 4b.o lc.y
0 . 6 4 ) .  I t  is c h a r a c t e r i z e d  by the h i g he s t  cont ent  of  SiO^ 
(53 .12%)  and has the lowest  TiO^ (0 .40%)  and A12 03 (4.24%)  
among a l l  c l i nopyr oxenes  . The value of  A1 ( I V )  in t h i s  
c l i nopyr ox ene  is 0 . 1 5 6 .  The c o n c e n t r a t i o n s  of  Rb, Sr ,  Bal  
Co, V, Cr ,  and Ni are 5 ppm, 29 ppm, 39 ppm, 30 ppm, 279
ppm, 1478 ppm and 279 ppm r e s p e c t i v e l y .
The c l i nopyr oxenes  of  the A01G dykes are g e n e r a l l y  more 
Mg r i c h ,  and Fe and Ca poor ,  than the c l i nopyr oxenes  from 
the o t h e r  u n i t s .  The composi t ion of  clmnopyroxenes from the  
c e n t r a l  outcrops and the eas t e r n  margin of  A01G a r e ,  Ca^g ^
M948 . 6  Fei r . 4  ( a v e r a 9e ) and Ca3? _g Hg4g _3 Fe1 3 _3 , and have Mg 
numbers of  8 0 . 4  and 7 5 . 6 , (Fe/Mg r a t i  os 0 . 5 4  and 0 . 6 2 )  
r e s p e c t i v e l y .  The c l i nopyr ox ene  separated from the eastern  
most dyke ( C - 9 - A )  of  t h i s  u n i t  is e x c e p t i o n a l y  high in Al^O^ 
( 6 . 7 9 % ) ,  Cr (905 ppm),  Ni (87 ppm) and V (279 ppm) contents  
as compared to those from the cen t r e  of  the p luton (MP-31 
and C - 4 4 ) .  Dykes f rom the c e n t r a l  area average 4.23% AlgOg,
29 ppm Cr ,  23 dpm Ni and 206 ppm V. The c l i nopyr ox ene  of
sample ( C- 9 - A)  a lso has the lowest  cont ent  of  SiOg ( 46 . 4 7 %) ,  
TiO^ ( 0 . 3 8 % ) ,  MnO (0.14%)  and CaO ( 1 6 . 3 7 %) .  The t e t r a h e d r a l  
value o f  A1 in c l i no p y r o x e n e  of the eas t e r n  dyke ( 0 . 2 0 7 )  is
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h i g h e r  than the va l ue  ( A1 1V) in c l i n o p y r o x e n e  from dykes in  
the c e n t r a l  outcrops ( aver age  0 . 1 7 3 ) .  The c o n c e n t r a t i o n s  of  
Rb, S r ,  Ba, Y and Co of  the c l i n o p y r o l e n e s  in the c e n t r a l  
outcrops and the e a s t e r n  marg i n ,  are 4 ppm and 6 ppm, 87 ppm 
and 116 ppm, 57 ppm and 34 ppm, 52 ppm and 9 ppm, and 27 ppm 
and 31 ppm r e s p e c t i v e l y .
The only c l i n o p y r o x e n e , a na l y z e d  from the  
p i a g i o c 1 ase- pyr oxene  s e r i e s ,  comes f rom t  e AGN u n i t  ( C- 5 3 )  . 
I t  has the composi t ion o f  C a . n ^Mg...  0 Fe._ and Mg
T U • /  T J  « fc 1 D . 1
number of  7 2 . 8 0 ,  (Fe/Mg r a t i o  o f  0 . 8 3 ) .  I t  c ont a i ns  the  
l e a s t  A1 0 ( 2 . 9 8 % ) ,  and the most Fe 0 ( 1 0 . 6 2 % ) ,  and a
Cm b  W
moderate cont ent s  o f  TiO^ (0 . 52%)  and SiO^ ( 5 0 . 3 7 % ) .  I t  has 
the l o g e s t  A1 ( I V ) va l ue  ( 0 . 1 6 8 )  in c l i n o p y r o x e n e  o f  a l l  the  
o t h e r  u n i t s .  The c o n c e n t r a t i o n s  o f  Rb, S r ,  Ba, N i , V,  Co 
annd Cr are 5 ppm, 73 ppm, 69 ppm, 23 ppm, 202 ppm, 54 ppm 
and 29 ppm r e s p e c t i v e l y .
4)  Or thopyroxene
5 samples of  o r t hopyr oxene  were sepabated out  f rom 3 
rock u n i t s ,  1 f rom the LAT u n i t ,  2 f rom the A01G u n i t ,  and 2 
f rom the AGN u n i t .  The or t hopyr ox ene  occurs as i n d e r s t i t i a l  
c r y s t a l s  and r e a c t i o n  rims in the A01N, LAT and 0A01G u n i t ,  
as subhedral  p r i s m a t i c  c r y s t a l s  in the A01G and AGN u n i t .
No or t hopyr oxene  is p r e s e n t  in the AG u n i t .  I t  was not  
p o s s i b l e  to s e p a r a t e  s u f f i c i e n t  or t hopyr oxene  f o r  a n a l y s i s  
f rom any sample o f  the  A01N, 0A01G, or the main outcrops in  
the LAT u n i t .  Subhedral  o r t hopyr ox ene  only occurs in  rock
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types where the o l i v i n e  has Fo,71 and the p l a g i o c l a s e  l i e s  
in the compos i t i ona l  range Ang3^6 5 *
Major  e lement  analyses and s t r u c t u r a l  for mul ae  o f  the  
or t hopyr oxenes  are present ed  an Table  16 and shown on F i g . 8.  
Trace e lement  composi t ions o f  the or thopyr oxenes are  
pr esent ed  in Tab l e  17.  Modal abundance of  or t hopyr oxene  
ranges from 1% to 14%. I t  tends to i nc r e a s e  w i t h  dec r ea s i ng  
bul k  Mg number of  the assemblage.
The or t hopyropene f rom the LAT u n i t  is much less c a l c i c  
than any o f  the  o thers  and f a l l s  in the compos i t i ona l  f i e l d
of  hypersthene ( Ca2 q^ 7 1  s ^ e 26 7  ^ anc* *ias ^  number of  
7 2 . 4 ,  (Fe/Mg r a t i o  of  0 . 8 5 ) .  In the LAT, the  or t hopyr oxene  
c ont ent s  of  K20,  AlgO^ and T i 0 2 is 0.01%,  2.47% and 0.13% 
r e s p e c t i v e l y .  The A1 va l ue  in the Z s i t e  is 0 . 1 0 5 .  There  
was i n s u f f i c i e n t  m a t e r i a l  in the s e p a r a t e  f o r  t r a c e  e l ement  
a n a l y s i s .
The low Ca-pyroxene from the o t h e r  two u n i t s  is  
c l a s s i f i e d  as i n v e r t e d  p i g e o n i t e .  The r e c o g n i t i o n  o f  the  
presence of  the i n v e r t e d  p i g e o n i t e  is suppor ted by the  
e x i s t e n c e  of  f i n e  e x s o l u t i o n  l a m e l l a e  of  c l i n o p y r o x e n e s .
The average composi t ions o f  i n v e r t e d  p i g e o n i t e s  from the
A01G and AGN u n i t s ,  are Ca^ q^ 7 1 4^e 21 4 anc* ^a 6 1 ^ 6 4  4^e 29 5 
They have average Mg numbers of  75 . 8  and 6 7 . 9 ,  (Fe/Mg r a t i o s  
0 . 7 1  and 1 . 0 5 )  r e s p e c t i v e l y .
The i n v e r t e d  p i g e o n i t e s  from the A01N u n i t  are r i c h  in 
A120 3 (3.18% to 2 . 0 6 % ) ,  CaO (3.7% to 2 . 9 8 % ) ,  V (118 ppm to  
96 ppm),  Ni (22 ppm to 8 ppm) and Sr (15 ppm to 7 ppm),  and
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LAT A01G AGN
MP-87 C-44 MP -31 C - 53 C-48
S102 49.37 50 .43 51.73 51 . 34 50 . 46
A1 2 0 3 2 .47 3.23 3.13 1.55 2.56
T102 0 . 13 0 . 3 2 0 . 37 0 .25 1.31
Fe2°3 19.60 16.44 16.39 20.93 20 . 17
MnO 0.36 0.55 0 . 52 0 . 62 0 . 5 7
MgO 26.43 25.02 29.15 22.59 22 . 66
CaO 1.03 3 .58 3.82 2 . 28 3 .67
Na20 - 0 . 10 0 .05 - -
k2o 0.01 - 0 . 02 - -
Number of Ions on the bas Is of  6 ( 0 )
SI 1.782- ■1.89 1.808- •1.95 1.763- 1.39 1.855- 1.92 1 . 798 - l 1.91
A1 0.105- 0 .137- 0 . 126 - 0.066- 0 . 108-*
T 1 0.004-1 0 . 009- 0 . 009 - 0.007- 0 . 0 3 5 -
Fe 0.532 0 . 444 0.420 0.569 0.541
Mn 0.011 0.017 0.015 0.019 0.017
Mg 1.422 2.01 1.338 1.95 1.480 2 . 07 1.216 1.90 1.203 1.94
Ca 0 . 040 0.138 0.139 0 . 088 0 . 140
Na - 0 . 007 0 .003 - -
K 0.001- - 0 .001- - -
Mg 71.3 69 .71 72.56 64 . 92 63.86
Fe 26.7 23 . 12 20.60 30.  36 28.70
Ca 2.0 7 .17 6 .84 4.72 7.44
100 x Mg
(Mg+Fe 3++Mn) 72 .4 74.39 77.27 67 . 42 68 ,32
En 71 70 73 63 64
Name hypersthene I n v e r t e d  i n v e r t e d  i nv e r t e d  i n v e r t ed
p i g e o n i t e  p i g e o n i t e  p i g e o n i t e  p i g e o n i t e
Table 16 Major  elements (wtS)  composi t ions of  or thopyroxenes  
from the d i f f e r e n t  rock types 1n the pluton
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AO 1 G AGN
♦MP-31 *C-44 C- 53 C-48
Rb 1 2  4 3
Sr 14 16 9 4
Ba 33 24 26 30
Y - -  1 1 -
Zr  -  3
Nb 3 4 1
NI 19 24 16 I
Co 76 96 46 45
Cr 17 17 51 44
V 102 89 105 130
Table  17 Trace elements (pom) composi t ions o f
or thopyroxenes from the d i f f e r e n t  rock 
types of  the p l u t o n .
( ♦pure  qu a r t z  added to the sample)
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poorer  in T i 02 (0.35% to 0 . 7 8 % ) ,  MnO (0.54% to 0.60%) and Cr 
(17 ppm to 48 ppm) than those from the AGN u n i t .  The A1 
values in the Z s i t e s  of  the A01G and AGN are 0 . 1 3 2  and 
0 . 0 8 7  r e s p e c t i v e l y .
5) Amphi bole
10 samples of  amphibole were separ a t ed  out  f rom the two 
main rock s e r i e s ;  3 from the  A01N u n i t ;  3 from the LAT u n i t ;  
2 f rom the A01G u n i t ;  1 f rom the AGN u n i t  and 1 f rom the AE 
u n i t .  No amphibole was s u c c e s s f u l l y  s e p a r a t e d  out  from the  
0A01G u n i t .  Only the amphibole s e p a r a t e d  from the AG u n i t  
was p r i s m a t i c  in form.  A l l  o t h e r  amphiboles occur red  e i t h e r  
i n t e r s t i t i a l l y  or as p o i k i l i t i c  c r y s t a l c  and are regarded as 
i n t e r cumul us  an o r i g i n .  Maj or  e l e m e n t . a n a l y s e s , s t r u c t u r a l  
f o r mul ae  and t r a c e  e l ement  ana lyses of  the ampl i bo l es  are  
pr esent ed  in Table  18 add Table  19 r e s p e c t i v e l y . A l l  o f  the  
amphiboles are c l a s s i f i e d  ac cor d i ng  to the system 
recommended by Leake ( 1 9 7 8 ) .
In the p i a g i o c l a s e - o l i v i n e  s e r i e s ,  a l l  o f  the  
amphiboles separ a t ed  f rom the main u n i t s  of  A01N and LAT 
f a l l  in the c ompo s i t i o na l  f i e l d  of  t s c h e r m a k i t e .
M a g n e s i o - t a r a m i t e  occurs in the smal l  LAT outcrop in the  
sout hwest .  There i s  a high modal abundance of  amphibole  
(35%) in the southwest  o u t c r o p s ,  whereas only 6% o f  . 
amphibole occurs in the main outcropg of  the LAT. The 
c a l c u l a t e d  Mg numbers f o r  the main outcrops o f  the A01N 
( av e r a ge  7 9 . 3 )  and the LAT ( 7 4 . 2 )  d i f f e r  n o t a b l y  from, those
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AO 1 N
MP-22 C-16 MP.36
S102 43 . 87 43 . 25 44 . 00
Al 20 3 14.51 13 . 78 11.11
t i o 2 0 . 13 0 . 4 5 0 . 7 3
Fe20 3 9 . 12 8 . 9 4 12.71
MnO 0.  15 0 . 15 0 . 1 7
MgO 17. 16 18 .47 18.49
CaO 10.94 10.51 10 .72
Na20 1.08 1 . 7 4 0 . 82
k2o 0 . 11 0 . 12 0 . 21
Numbers o f  Ions
S1 6.211- 8 . 0 0 6 .130- 8 . 0 0 6.201-1
Al 1.789- l . a 7 0 - I .7994
Al 0 . 6 3 3i 0 . 431- 0 .046-
T1 0 . 015 0 . 0 4 8 0 . 07 7
e 3 + Fe 0.972 5 . 26 0 . 9 5 4 5 . 35 1. 348
Mn 0 . 017 0 . 0 1 7 0 . 0 2 0
Mg 3.621- 3 .901- 3.884-
Ca 1.660- 1.595- 1.618-
Na 0. 298 1.98 0 . 4 7 8 2 . 10 0 . 2 2 4
K 0.020- 0 . 022 - 0.037-
LAT
C ^36 MP-18 MP -87
4 1 . 1 3 41 . 37 42 . 62
17.88 19.78 15 .66
0 . 28 0 . 09 1.20
10 . 29 10.46 11.43
0 . 1 4 0 . 1 4 0 . 16
14.97 15.59 14.41
10.93 10.46 11.07
0 . 98 1 . 78 3.30
0 . 12 0 .06 0 . 35
on the basis  o f  2 3 ( 0 )
8 . 0 0  5.874- 8 . 0 0  5.732- 8 . 0 0  5.958-n
2.126- 2.  268- 2.042-J
0.883- 0 . 962- 0 . 534-i
0 . 0 3 0 0 . 0 0 9 0 v126
5 . 38  1 .105 5 . 22  1.091 5 . 30  1.202
0 . 0 1 7 0 . 017 0 . 018
3.187- 3.221- 3.004-
1 .572- 1 . 553- 1 .659-
1 . 88  0 . 2 7 0 1.96  0 . 4 7 7 2 . 0 4  0 . 893
CMOO 0. 010- 0 . 062 -
100 x Mg
(Mg+Fe3++Mn) 78 . 54  80 . 0 7  73 . 96  -  73,  95. 74,41 71 . 11
Name Tschermak l te  Tschermak l te  Tscher mak l t e  Tschermak l te  Magneslc
Tscher mak l t e  Tarami t e
Tabl e  18 Major  elements (wtS)  composi t ions o f  amphiboles from the 
d i f f e r e n t  rock types in the p l u t on
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AO 1 G AGN AG
C-44 MP.31 C-18 C - 57
S102 43.73 40.21 48.36 43.39
A1 2° 3 13.38 13.17 10.94 12.71
t i o 2 2.21 2.25 0 . 89 1.97
Pe2°3 11.36 10.80 10.54 13.98
MnO 0. 22 0 . 20 0 . 23 0.21
MgO 15.26 15.24 13.95 12.91
CaO 12.10 12.16 13.94 11.55
Na20 2 .04 1.87 1.01 1.86
k2o 0 . 13 0 . 1 4 0.05 0 .16
SI 6 087- 8 00 5 887-i f 8 00 6 691- [8 00 6 1711 8 00
Al 1 913- 2 113- 1 309- 1 829-*
Al 0 283-i 0 159- 0 476- 0 303-
T1 0 232 0 248 0 093 0 211
Fe3+ 1 190 4 90 1 190 4 95 1 098 4 57 1 497 4 77
Mn 0 025 0 025 0 027 0 025
Hg 3 167- 3 325- 2 877- 2 737-
Ca 1 805- 1 908-1 2 067- 1 760-
Na 0 551 2 38 0 532 2 47 0 270 2 35 0 514 2 30
K 0 023- 0 026- 0 008- 0 028-
100 x Mg
(Mg+Fe3++Mn) 72.26 73.23 71.90 64 .27
Name P ar gas t t e  P a r g a s l t e  Harnb?Inde P a ^ s l t e
Table  18 cont inued
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AO 1 N LAT
C -16 MP-,86 MP-18 MP-87
Rb 4 8 1 5
Sr 86 70 , 114 72
Ba 53 83 12 141
I 21 24 - 67
Zr 31 32 - 66
Nb 10 4 - 6
N1 170 142 34 101
Co 29 41 74 37
Cr 144 378 44 106
V 121 262 31 291
A01G AGN AG
MP-31 C-44 *C -48 C-57
Rb 4 ' 4 5 6
Sr 129 130 107 107
Ba 168 154 181 167
I 128 121 25 64
Zr 12 11 - 28
Nb 5 5 5 4
N1 18 23 12 9
Co 29 28 60 35
Cr 59 59 25 62
V 414 374 482 481
Tabl e  19 Trace elements (ppm) compos 111ons of
amphiboles from the d i f f e r e n t  rock types
o f  the piu ton
( *pu re q u a r t z  added to the sample)
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of  the smal l  outcrops of  A01N ( 7 4 . 0 )  and LAT ( 7 1 . 1 )  exposed 
along the sout hwest er n  c o r n e r  of  the complex.
The A l ( I V )  and ( Fe3+ + T i 2 + ) contents  and A l 3+ / S i 4+ 
r a t i o s  of  amphiboles of  the A01N in the  main outcrops  
( 1 . 8 3 0 ,  6 . 5 0  and 0 . 3 8 )  d i f f e r  from those in the southwestern  
out c r op  ( 1 . 7 9 9 ,  9 . 3 3  and 0 . 2 9 )  r e s p e c t i v e l y .  The amphiboles  
o f  the LAT u n i t s  show the same v a r i a t i o n .  They range from 
2 . 1 9 7 ,  7 . 37  and 0 . 5 2  in the main o u t c r o p s ,  to 2 . 0 4 2 ,  8 . 71  
and 0 . 4 2  in the southwestern  outcrops r e s p e c t i v e l y .
D i f f e r e n c e s  are a l s o  note'd in the major  elements and t r a c e  
e l e me nt s .  The composi t ion  o f  amphibole of  anc* ^  0 are
9.03% and 0.12% in the main o u t c r o p s ,  and 12.71% and 0.21% 
in the smal l  outcrops r e s p e c t i v e l y .  Amphiboles from the  
A01N u n i t  in the main outcrops are r i c h e r  in Sr (86 ppm to  
70 ppm) and Ni (170 ppm to 142 ppm),  and poorer  in Rb (4 ppm 
to 8 ppm),  V (121 ppm to 62 ppm),  Ba (53 ppm to 83 ppm) and 
Cr (144 ppm to 378 ppm) than those from the southwester n  
o u t c r o p .  In the LAT u n i t ,  s i m i l a r  v a r i a t i o n s  are a l s o  
noted.  The amphibole of  LAT in the smal l  sout hwest er n  
out c r op  is c h a r a c t e r i z e d  by l ower  contents  o f  MgO (14.41% to
15.28%) and Sr (72 ppm to 114 ppm),  and h i g he r  0 (0 .35% to  
0 . 0 9 % ) ,  NagO (3.30% to  1 . 3 8 % ) ,  Rb (5 ppm to 1 ppm),  Ba (141
ppm to 12 ppm),  Ni (101 ppm to 34 ppm) and Cr (106 ppm to 44
ppm) than those f rom the main o u t c r o p .
The A016 u n i t  i s  c h a r a c t e r i z e d  by p a r g a s i t e ,  an 
amphibole c o n t a i n i n g  high CaO ( 1 2 . 1 3 % ) ,  Na2 0(1  . 96%) ,  0
(0 . 14%)  and low Ni (21 ppm),  as compared to the
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t s c h e r m a k i t e s  in the  main outcrops o f  the A01N and LAT u n i t .
The Mg number averages 7 2 . 7 5 ,  (Fe/Mg r a t i o s  0 . 8 4 ) .  The
_ 3 +
amounts of  Al in the Z s i t e ,  and ( Fe3+  + T i 2 + ) ,  and the Al
4 +
/ S i  r a t i o s  of  the  amphiboles in t h i s  u n i t  are 2 . 0 1 3 ,  9 . 0 9  
and 0 . 3 6  r e s p e c t i v e l y .
In t he  p l a g i o c l a s e - p y p o x e n e  s e r i e s ,  the AGN u n i t
c o n t a i ns  magnes i o- hor nb l ende and the AG dykes con t a i n
f e r r o a n - p a r g a s i t e , w i t h  Mg numbers o f  71 .9  and 6 4 . 2 7 ,  (Fe/Mg  
r a t i o s  0 . 8 8  and 1 . 2 6 )  r e s p e c t i v e l y .  The magnes i o- hor nbl ende  
i s  low in K20 ( 0.0 5%) ,  A l ( I V )  ( 1 . 309 ) ,  A l 3+/ S i 4+ r a t i o  
( 0 . 2 6 ) ,  Ni (12 ppm) and Cr (25 ppm) and high in S i 0  ^
( 4 8 . 3 6 % ) ,  CaO ( 1 3 . 9 4 % ) ,  ( F e 3+ + T i 2 + ) ( 7 . 9 0 % ) ,  and Ba (181
ppm) as compared to the  t s c h e r m a k i t e s  in the main outcrops  
of  the AO IN and LAT u n i t .  The f e r r o a n - p a r g a s i t e ,  which is 
the  onl y  p r i s m a t i c  amphi bol e ,  is low in MgO ( 12 .91%)  and Ni 
(9 ppm) and high in Na20 ( 1 .86%)  and KgO ( 0 .16%)  as compared
to the t s c he r ma k i t e s  of  the A01N and LAT u n i t .  I t  has an
A l ( IV)  va lue o f  1 . 829  and a A l 3+ / S i 4+ r a t i o  o f  0 . 3 3 .
The Mg number shows a c l e a r  t r e nd  from 79 , 3  in the  
A01N,  74 . 2  in the LAT, 72 . 8  in the A01G, 71 . 9  in the AGN and 
6 4 . 3  in the AG, w i t h  decr eas i ng  Ni cont en t  f rom 170 ppm, 14 
ppm, 21 ppm, 12ppm to 9 ppm r e s p e c t i v e l y .
C. M u l t i  p ie  i n t rus ion and in s i t u  f r a c t i o n a t i o n
Two rock s e r i e s  are r e p r e s e n t e d  in the Mount Poser  
b a t h o l i t h ,  the p l a g i o c l a s e - o l i v i n e  s e r i e s  and the 
p1a g i o c 1 ase - pyr ox ene  s e r i e s .  These two rock s e r i e s  are
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se p ar a t ed  by a sharp c o n t a c t ,  and occur  p r i n c i p a l l y  a t  the  
ea s t  and west  end of  the  complex r e s p e c t i v e l y .  Ho r n f e l s e d  
f ragments of  the o l i v i n e  bear i ng  s e r i e s  occur  in the  
p l a g i o c l a s e - p y r o x e n e  s e r i e s .  This ev i dence i n d i c a t e s  t h a t  
t hey  were i n t r u d e d  s e p a r a t e l y ,  w i t h  the p i a g i o c 1 a s e - o 1 i v i n e  
s e r i e s  emplaced f i r s t ,  and the p l a g i o c l a s e - p y r o x e n e  s e r i e s  
emplaced l a t e r .  The absence of  o l i v i n e  f rom the  
p l a g i o c l a s e - p y r o x e n e  s e r i e s ,  and the l ower  An and Sr  
cont ent s  of  the p l a g i o c l a s e ,  as compared to those o f  the  
p l a g i o c l a s e - o l i v i n e  s e r i e s ,  suggest  t h a t  i t  was d e r i v e d  from 
a more d i f f e r e n t i a t e d  magma.
There is a smal l  o u t c r o p ,  c o n t a i n i n g  rocks of  the A01N 
and LAT u n i t s  of  the p l a g i o c l a s e - o l i v i n e  s e r i e s ,  exposed 
near  the southwest  margin of  the p l u t on  and surrounded by 
the rocks of  the pyroxene bea r i ng  s e r i e s .  The mi n er a l og y  o f  
these rocks is very s i m i l a r  to t h a t  of  the main outcrops o f  
the u n i t s ,  except  t h a t  c l i n o p y r o x e n e  occurs in the  
southwester n  outcrop (MP-8 6 ) ,  but not  in any o f  the o t h e r  
a r e a s .  P l a g i o c l a s e  f e l d s p a r s ,  and o l i v i n e s  o c c u r r i n g  in 
these southwest  outcrops d i f f e r  both in t h e i r  major  and 
t r a c e  e lement  chemi s t r y  f rom the composi t ions o f  the same 
mi ner a l s  in the main o u t c r o n s .  The An and Sr  contents  of  
the p l a g i o c l a s e s  in the main outcrops are h i g h e r  than those  
of  the southwest  o u t c r o p s .  S i m i l a r i l y  the Fo, N i ,  and Co 
c o n t e n t s ,  and the Mg numbers are h i g h e r  in the o l i v i n e s  of  
the rocks in the main outcrops than are those o f  the  
southwest  o u t c r ops .  No o v e r l a p  e x i s t s  between the chemical
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I
ranges shown the mi n e r a l s  in the main and southwest  outcrops  
of  these u n i t s ,  ( see pages 59 and 7 0 ) .  This ev idence  
s t r o n g l y  suggests t h a t  these two s e p a r a t e  areas of  s i m i l a r  
rock types c r y s t a l l i z e d  from d i f f e r e n t  batches of  magma, and 
t h a t  the southwest  rocks were d e r i v e d  f rom a more 
d i f f e r e n t i a t e d  magma than t h a t  from which the main outcrops  
formed.
I t  has been noted t h a t  the dykes of  the p l a g i o c l a s e -  
o l i v i n e  s e r i e s  may be d i v i d e d  i n t o  two s e p a r a t e  groups,  one 
in which sp i ne l  is p r e s e n t  and one in which i t  is ab s e n t .  
There are d i f f e r e n c e s  in the c he mi s t r y  o f  the p r i n c i p l e  
mi n e r a l s  of  these two types of  dykes,  e . g .  a n o r t h i t e  
c o n t e n t s .  In a d d i t i o n ,  the o l i v i n e - b e a r i n g  dykes p e n e t r a t e  
a l l  of  the major  rock u n i t s  in the b a t h o l i t h ,  i . e .  they  
p o s t - d a t e  the main u n i t s  of  the p l a n i o c l a s e - p y r o x e n e  s e r i e s .  
The AG dykes p e n e t r a t e  the o l i v i n e - b e a r i n g  dykes.
A l l  of  t h i s  ev i dence  poi nts  to the c o nc l us i on  t h a t  the  
Mount Poser P l ut on  was formed by m u l t i p l e  i n t r u s i o n  o f  maf ic  
magmas. These magmas were a l l  s i m i l a r  in t h e i r  gener a l  
composi t ion in t h a t  h i g h l y  c a l c i c  a n o r t h i t e ,  c l i n o p y r o x e n e  
and amphibole c r y s t a l l i z e d  f rom them.  D i f f e r e n c e s  in the  
mi n er a l  parageneses and in the c h e mi s t r y  o f  the mi n er a l s  
formed suggest  t h a t  t h e r e  were d i f f e r e n c e s  in the  
composi t ions of  these magmas. These d i f f e r e n c e s  may have 
been the r e s u l t  of  d i f f e r e n t  degrees of  p a r t i a l  m e l t i n g  of  
the source m a t e r i a l ,  d i f f e r e n c e s  in the composi t ion  o f  the  
source m a t e r i a l ,  or perhaps d i f f e r e n c e s  in the  degree of
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d i f f e r e n t i a t i o n  of  the i n d i v i d u a l  batches o f  magma a f t e r  
they were formed.
The mi ner a l s  of  each i n d i v i d u a l  rock u n i t  a l l  show a 
range of  composi t ion which may be e x p l a i n e d  by 
d i f f e r e n t i a t i o n  in s i t u  (see pages 60 and 6 7 ) .  For example,  
in the p l a g i o c l a s e s  and o l i v i n e s  of  the A01N, An ranges from 
97 . 5  to 9 3 . 1 ,  and Fo ranges from 78 . 2  to 7 7 . 5 ,  s i m i l a r  
ranges are noted in the LAT u n i t .  S i m i l a r i l y  the  
d i f f e r e n c e s  in p l a g i o c l a s e  and o l i v i n e  of  A01N and LAT may 
be e x p l a i n e d  in terms of  the LAT u n i t  having formed from a 
somewhat more d i f f e r e n t i a t e d  magma than the A01N u n i t .  The 
A01N and LAT grade i n t o  each o t he r  by change in minera l  
p r opor t  i ons .  I t  is suggested t h a t  the p l a g i o c l a s e  and 
o l i v i n e  of  the A01N u n i t  s e t t l e d  from the magma f i r s t  w i t h  
o l i v i n e  s e t t l i n g  more r a p i d l y  and being more abundant  
moda l l y .  Then as the composi t ion of  the magma became more 
f e l s i c  and of  lower  v i s c o s i t y ,  the o l i v i n e  became less  
abundant  and p l a g i o c l a s e  s e t t l e d  more r a p i d l y  and t h e i r  
modal p r o po r t i on s  changed.  The most prominent  ev idence of  
d i f f e r e n t i a t i o n  in s i t u  is found in the AGN u n i t .  There is  
a change in the mi ner a l ogy  of  t h i s  u n i t  f rom east  to wes t .
In the east  p r i s m a t i c  or t hopyr oxene  is abundant  and the  
p l a g i o c l a s e  is ca lc ium r i c h ,  (Anoc _ ) .  In the westO D . J
or thopyroxene is almost  absent  and the p l a g i o c l a s e  is much 
more sodic ( A n ^  , . ) .  These changes are best  e x p l a i n e d  in 
terms of  in s i t u  d i f f e r e n t i a t i o n ,  c a l c i c  p l a g i o c l a s e  and 
or thopyroxene c r y s t a l l i z i n g  from the more p r i m i t i v e  magma,
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and l ess c a l c i c  p l a g i o c l a s e  and amphibole from a more
d i f f e r e n t i a t e d  magma. Whole rock composi t ions,  o f  these  
rocks are very maf i c  and suggest  t h a t  the r e s i d u a l  me l t  f rom 
which these rocks formed has been l o s t  f rom the system.
D. Parent  magma type
The c h e m i s t r y ,  mi ne r a l ogy  and s t r u c t u r e s  of  a l l  o f  the  
rock u n i t s  on Mount Poser i n d i c a t e  t h a t  they were formed 
f rom ma f i c  magmas, commonly by a process o f  accummul a t i on . 
None of  these u n i t s  is c ons i de r e d  to  have the composi t ion o f  
the o r i g i n a l  magma and hence i t  is necessary to i d e n t i f y  
t h i s  p ar e n t  magma type i n d i r e c t l y .  This has commonly been 
done by comparing the composi t ions  of  the mi ne r a l s  in the  
cumulate  rocks w i t h  the composi t ions o f  the cumulate  
mi n e r a l s  of  o t h e r  w e l l  d e s c r i be d  p l u t o n i c  s u i t e s .  
A l t e r n a t i v e l y  the mi n er a l  composi t ions can be compared w i t h  
the chemi s t r y  of  the cumulate mi ner a l s  p r e s e n t  in v o l c a n i c  
blocks and w i t h  the c he mi s t r y  o f  the phenocrysts  in 
a s s o c i a t e d  l ava f l o w s ,  which belong to we l l  known v o l c a n i c  
sui t es .
This has been done in Tab l e  20 ,  and i t  should be noted  
t h a t  i t  is best  to make comparisons of  the whole mi ner a l  
assemblages r a t h e r  than i n d i v i d u a l  m i n e r a l s .  The most  
c h a r a c t e r i s t i c  f e a t u r e s  of  the s u i t e s  are the e x t r e me l y  
c a l c i c  nat ure  of  the p l a g i o c l a s e s  and the common presence of  
amphi bol es ,  both f e a t u r e s  sugge s t i ng  t h a t  the rocks were  
formed from a hydrous ma f i c  magma. Exami nat i on o f  Table  2 0
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Minerals
Plagioclase
Olivine
Clinopyroxene
Orthopyroxene
(En)
Amphibole
lMg
An
97-64
An
100-90
Fo.
79-70
Fo.
79-65
Ca2-6M971-65FS27-30
^ 71-62 
0.44 - 1.26
Pargasitic
hornblende
to
Fe-pargasite
0.09
Tschermakite
93-90
Fo
80-70
^ S M S ^ e ^ l O - l f i  ^ 4 6 ^ 4 2 ^ 1 2  P =  1 - 6 9 7 - 0 0 2
2v = -  56° 
(approximately 
46 34 20)
r =-1.711^002 
2v = 59-62 
(approximately
Hornblende
An.
73-60
Fo
85-78
1.01
Tschermakite
An
91-40
F°86-70
Ca42M947Fe!1 {
Ca45M942Fei3
CV ‘96 lFa30
Ca2M970Fe28
^72-67 
1.05 - 1.41
Ferroan
Pargasite
to
Magnesio
Taramite
An.
98-95
F°80-53
^ s o ^ i^ g
En
63
Hornblende
Parent Magma Calc-alkali Calc-alkali Iligh-Al
Olivine
Tholeiite
Iligh-Al
basalt
Olivine-
basalt
Table 20 cont inued
(1) Pennisular Ranges (Include Larsen and Draisin, 195Q( and Sen et al.( 1959)
(2) saint Vincent, West Indies (Lewis, 1973)
(3) Mount Misery, West Indies (Baker, 1968)
(4) Southern Cascades, California (Mertzman, 1978)
(5) Cyclades, Greece (Nicholls, 1971)
(6) llakone, Japan (Kuno, 1950)
(7) Inclusions in calc-alkaline rocks (Yamazaki et al., 1966)
a. Basalt
b. Xenolith
*"95-93
Ca46M942Fei2
0.93 - 1.25
Tschermakite
to
Ferroan
Pargasite
Mot definite
toro
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shows t h a t  the rocks of  the Mount Poser P l ut on  c o n t a i n  
m i n e r a l s  s i m i l a r  in composi t ion to a number of  p l u t o n i c  and 
v o l c a n i c  s u i t e s  o c c u r r i n g  in orogeni c  a r e a s .  The areas  
i n c l u d e  P e n i n s u l a r  Ranges ( Larsen  and D r a i s i n ,  1950;  Sen e t  
a l . ,  1959 and N i s h i m o r i ,  1 9 7 6 ) ,  Guadalupe,  C a l i f o r n i a  (Best  
and Mercy,  1 9 6 7 ) ,  V i r g i n  I s l a n d s  ( Longshore ,  1 9 6 6 ) ,
N o r t h e a s t  Japan ( Tanaka ,  1 9 8 0 ) ,  Skaergaard I n t r u s i o n  (Wager  
and Brown, 1 9 6 8 ) ,  Muskox I n t r u s i o n  ( I r v i n e ,  1 9 7 0 ) ,  S a i n t  
V i n c e n t ,  West I n d i e s  ( L e w i s ,  1 9 7 3 ) ,  Mount M i s e r y ,  West  
I n d i e s  ( Ba k e r ,  1 9 6 8 ) ,  Southern Cascades,  C a l i f o r n i a  
(Mer tzman,  1 9 7 8 ) ,  Cy c l ades ,  Greece ( M i c h o l l s ,  1 9 7 1 ) ,  Hakone,  
Japan (Kuno,  1 9 5 0 ) ,  and i n c l u s i o n s  in c a l c - a l k a l i n e  rocks  
(Yamazaki  et  a l . ,  1 9 6 6 ) .  The o r i g i n a l  magma has been 
i d e n t i f i e d  to a l e s s e r  or g r e a t e r  degree of  p r e c i s i o n  in 
each of  these o t h e r  areas by the var i ous  workers i n v o l v e d ,  
and the consensus suggests t h a t  i t  was pr oba b l y  a high M 2O3 
( o l i v i n e ) . t h o l e i i t e . Thi s  i mp l i e s  t h a t  the Mount Poser  
p l u t on  was a l so  formed from magmas r e l a t e d  to high Al^O^ 
t h o l e i i t e .
Wheeler  ( 1979 )  has a lso summarized the arguments which  
suggest  t h a t  the p a r e n t a l  me l t  was s i m i l a r  to h i g h - a l u m i n a  
b a s a l t  in compos i t i on .  The most conv i nc i ng  ev i dence is  t h a t  
the composi t ions of  the cumulate mi ner a l s  o f  the gabbros,  
are very  s i m i l a r  to the composi t ions o f  phenocrysts  
o c c u r r i n g  in c a l c - a l k a l i n e  lavas and v o l c a n i c  b l ock s .  
Probably  the best  documented ev idence which may be used to  
i n d i c a t e  the o r i g i n a l  magma type r e l a t e s  to a s e r i e s  of
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v o l c a n i c  b l o c k s ,  e r upt ed  from S o u f r i e r e  vo l ca no ,  S a i n t  
V i n c e n t ,  West I n d i e s .  Lewis ( 19 73 )  has de s c r i be d  these  
cumulate p l u t o n i c  blocks in which the p e t r o g r a p h y ,  
g e o c h e mi s t r y ,  and m i n e r a l o g y ,  are very  s i m i l a r  to those in  
the t r o c t o l i t i c  rocks o f  the P e n i n s u l a r  Ranges Gabbros.  In 
some o f  the S o u f r i e r e  blocks the c r y s t a l s  are coated w i t h  
i n t e r s t i t i a l  s c o r i a ,  which has the composi t ion  o f  a 
s a t u r a t e d  s u b a l k a l i n e ,  aluminous b a s a l t .  Lewis ( 1973 )  
suggests t h a t  the  s c o r i a  r e pr e s e n t s  the l i q u i d  phase w i t h  
which the mi ne r a l s  were in e q u i l i b r u m  at  depth .
E. C a l c u l a t e d  Composi t ion of  the Residual  Mel ts
Since the m a j o r i t y  of  the rocks of  Mount Poser are  
i n t e r p r e t e d  as cumulates and the complex has a m u l t i p l e  
i n t r u s i v e  n a t u r e ,  i t  is q u i t e  p r obabl e  t h a t  the r e s i d u a l  
mel ts  p r e s e n t  at  any given stage have been swept  f rom the  
i n t r u s i o n -  by the emplacement  of  the next  batch of  magma. 
Evidence su ppor t i ng  t h i s  conc l us i on  is formed in the  
development  of  comb l a y e r e d  s t r u c t u r e s ,  i n d i c a t i n g  gas 
s t r e a m i n g ,  in the Los Pinos P l ut on  (Walawender ,  1 9 7 6 ) .
These mel ts may e r u p t  a t  the s u r f a c e  to form v o l c a n i c  rock  
Hence,  none of  the  rocks pr es ent  in the p l u t on  r e p r e s e n t  
e i t h e r  the o r i g i n a l  magma or the r e s i d u a l  me l t .
However,  the mi n e r a l s  of  many of  the rocks have the  
c h a r a c t e r i s t i c s  of  having c r y s t a l i z e d  in e q u i l i b r i u m  w i t h  a 
m e l t ,  i . e .  they l ac k  zoning and have cumulate  t e x t u r e s .  
Knowing the t r a c e  e lement  cont en t s  of  these mi n e r a l s  and
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having we l l  e s t a b l i s h e d  c r y s t a l / m e l t  d i s t r i b u t i o n  
c o e f f i c i e n t s ,  i t  is p o s s i b l e  to c a l c u l a t e  the t r a c e  e lement  
cont en t s  of  the r e s i d u a l  m e l t s ,  ( T a b l e  21 to 2 5 ) .
For example ,  t he  t r a c e  e l ement  con t e n t s  of  the me l t  
can be ob t a i ne d  by the f o l l o w i n g  e q u a t i o n ,
Cone, in mi n er a l
Cone, in l i q u i d  = --------------------------------
kd
whereas i s  the d i s t r i b u t i o n  c o e f f i c i e n t .
This  prov i des  an a d d i t i o n a l  check on the conc l us i ons  
drawn concern ing  the  p a r e n t a l  magma t y p e ,  using the major  
element  che mi s t r y  of  the m i n e r a l s .  By using mi n e r a l s  from 
s u c c e s s i v e l y  more d i f f e r e n t i a t e d  u n i t s  in the p l u t on  i t  is 
p o s s i b l e  to f o l l o w  the gener a l  e v o l u t i o n  o f  the r e s i d u a l  
m e l t s .  The c a l c u l a t e d  composi t ions o f  the mel ts  were  
compared w i t h  known composi t i on  of  v a r i o us  v o l c a n i c  rock  
s u i t e s  ( Tab l e  21 to 2 5 ) .  The comparisons suggest  t h a t  the  
rock u n i t s  in the p i a g i o c l a s e - o l i v i n e  s e r i e s  were d e r i v e d  
f rom the mel t  of  i s l a n d  arc t h o l e i i t i c  o l i v i n e  b a s a l t  and 
the p l a g i o c l a s e - p y r o x e n e  s e r i e s  were d e r i v e d  from the  me I t  
of  more s i l i c i c  or i s l a n d  arc t h o l e i i t i c  a n d e s i t e .
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Table 21. C a lcu la tion  o f l iq u id  composition using analyzed p lag ioc lase  re s u lts  from the 
AOlll, LAT, 0A01G AND AON u n it  and reportod c o e ff ic ie n ts .
(Data fo r  from P h ilp o tts  and Schnetzler, 19?0). STDA -  Is land  arc t h o le i i t ic
b a s a lt. STUB -  Is land  arc t h o le i i t ic  andesite to d a c ite .
Ah % U nit
Moon Concentration
(ppm)
C ry s ta l/ l iq u id  d is t r ib u t io n  
C o e ffic ie n ts
Concentration 
In  melt
i (ppim)
'  K Da Sr lib K Da Sr Rb K Da Sr Rb
STDA 1,1,00 75 200 5
93 AOIN 0.10 21 570 2 0.361 0.23) 2.75 0.100 1*11,0 91 207 11
90.6 LAT 0.10 19 500 2 0.36J 0.231 2.75 O .lflfl It 11,0 02 102 11
91.i, OAOIG 0.10 14 i|02 I 0.361 0.231 2.75 0.100 1,11,0 61 175 5
«|300 100 200
STDQ to to to
15000 175 90 -
09.32 AGN 0.10 23 660 - 0.361 0.263 2.75 - 1,11,0 8? 21,0 -
6t,.f,Q AGN 0.22 50 ?3<» 0.361 0.285 3.30 - 5059 175 222 -
10cn
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Tablo 22. C a lcu la tion  o f l iq u id  composition using analyzed o liv in e  re s u lts  from the
AOlNj LAT and 0A01Q and reported c o e ff ic ie n ts . 
s /1(Data fo r  Kp : a -  P h ilp o tts  and Schnetzler, 1970. b s In te rp re ta tio n  o f 
Igneous Rock, Cox e t a l ,  1979).
Mean Concentration C ry s ta l/ l iq u id  d is t r ib u t io n  ■ Concentration (ppm)
H olt (nnm)_______  ________ C o e ffic jo n ta ______________  In  molt_
Sr Hi Co Sr Hi Co Sr Hi Co
STM 200 15-30 17-20
A01H - 391 92 - io b - 39.1 20
LAT 2 160 01 o.oo93a 10b 215 16.0 10
0A01G - l / (2 lt,i, - 10b '«.Mia — Uj.2 32
I
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Table 23. C alcu lation o f l iq u id  composition using analyzed clinopyroxene re s u lts  from the
OAOIQ and AGN u n it and reported c o e ffic ie n ts .
(Data fo r  a ; P h ilp o tts  and Schnetzler, 1970 b : Dale and Henderson,1972, c: 
Wager and M itc h e ll, 1951., d : Hakli and Wright, 1967., e : Cox et a l 1979).
Mean Concentration C ry s ta l/ liq u id  d is tr ib u t io n  Concentration (ppm)
Unit (ppm)_________   C oe ffic ien ts_______  in  melt_________
lib Sr Ba Co Cr Ni lib Sr Ba Co Cr Ni Rb Sr Ba Co Cr Hi
STDA 5-12 200 103 17-28 50 30
0A01G 5 70 36 30 1176 67 0.284* 0.43* 0.388a 1.22b 18C 2e 18 163 93 24 65 34
STDB 15 220 175 20 4 20
AGN 5 73 69 54 29 23 0.28i,a 0.43* 0.388a 1,22b 6d 2e 17 170 178 44 5 12
us
00
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Tablo 2/1.
i l i l i t
Sl'DA
LAT
STM)
AOH
C a lcu la tion  o f  l iq u id  compootlon using analyzed orthopyroxene re s u lts  from the 
LAT and AGH u n it  and reportod c o e ff ic ie n ts .
(Data fo r  K j ^  ; a -  P h ilp o tts  and Schnetzler, 1970. b : In te rp re ta tio n  o f 
Igneous flock, Cox e t a l ,  1979)*
Hean Concentration C ry s ta l/ l iq u id  d is t r ib u t io n  Concentration (ppm)
(ppm)_________________  C o e ffic ie n ts  • in -m e lt_
K Sr Hi K Sr Ni K Sr Hi
Vl 00
0.01 -  -  0.02a -  -  1*151
200-90 20-1
7 9 -  0.0i(a i,b -  175 2
I
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Table
Uni t
STUD 
AO N
\
25. C a lcu la tion  o f  l iq u id  composition using analyzed auphibole re s u lts  from the 
AQH u n it  and reported c o e ff ic ie n ts .
(Data fo r  are from P h ilp o tts  and Schnetz leri 19?0).
Hean Concentration C ry s ta l/ l iq u id  d is t r ib u t io n  Concentration (ppm)
______ (npm)_______    C o e ffic ie n ts   in _melt________
fib Sr Da Cr Ml fib Sr Da Cr Hi fib Sr Da Cr HI
5-12 200 103-175 15-l| 20-1
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CHAPTER VI
PETROGENESIS OF THE GABBROS 
AND
THEIR RELATIONSHIPS TO THE GRANITOIDS 
OF THE PENINSULAR RANGES BATHOLITH
A more d e t a i l e d  d i s c u s s i o n  is c a r r i e d  out  in the  
f o l l o w i n g  paragraphs in o r d e r  to i d e n t i f y  the p a r e n t a l  rock  
t ype  of  the cumulate gabbros and to d e f i n e  the r e l a t i o n s h i p  
between gabbros and the g r a n i t o i d  rocks o f  the P e n i n s u l a r  
Ranges b a t h o l i t h .
LITERATURE REVIEW 
There are s e ve r a l  models concerning the o r i g i n  o f  the  
P e n i n s u l a r  Ranges b a t h o l i t h .  These models,  which are  
r e p r e s e n t a t i v e  of  c u r r e n t  i n t e r p r e t a t i o n s  of  b a t h o l i t h s  in 
g e n e r a l ,  seek to e x p l a i n  the genesis and r e l a t i o n s h i p s  of  
the va r i ous  i n t r u s i v e  rocks of  the b a t h o l i t h ,  which range  
f rom gabbr o i c  to g r a n i t i c  in co mp o s i t i o n .  Such s t u d i e s  a l so  
bear  on the c o n t r o v e r s y  as to the c r u s t a l  or  mant le  o r i g i n  
of  g r a n i t o i d  magmas (Leake et  a l . , 1 9 8 0 ) .
Larsen ( 1 9 48 )  proposed t h a t  the b a t h o l i t h  was d e r i v e d  
f rom a s i n g l e  gabbr o i c  magma t h a t  d i f f e r e n t i a t e d  a t  depth .
He suggested t h a t  the d i f f e r e n t i a t i o n  p r o d u c t s ,  which range  
in composi t ion from gabbro to g r a n i t e ,  were s y s t e m a t i c a l l y  
emplaced i n t o  the upper c r u s t .  I f  t h i s  model is c o r r e c t ,  i t
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i l l u s t r a t e s  Bowen's ( 1928 )  scheme of  f r a c t i o n a l  
c r y s t a l 1 i z a t i o n  and a l s o  i mp l i e s  t h a t  the magmas from which  
the P e n i n s s u l a r  Ranges b a t h o l i t h  formed,  were d e r i v e d  from 
the mant l e .
N i s h i mo r i  ( 1 9 7 4 ,  1976)  prov i ded  some suppor t  f o r  t h i s  
h y p o t h e s i s .  He s t u d i e d  the  c r y s t a l l i z a t i o n  sequences,  and 
mi ner a l  c h e m i s t r y ,  of  two gabbr o i c  p lutons from the  
P e n i n s u l a r  Ranges b a t h o l i t h .  He co n c l ud e d ^ t h a t  the gabbros  
r e p r e s e n t  r e f r a c t o r y  r e s i d u a ,  or  c r y s t a l  cumua l a t es ,  formed 
by the f r a c t i o n a l  c r y s t a l l i z a t i o n  o f  a h i g h - a l u m i n a  
b a s a l t / b a s a l t i c - a n d e s i t e  m e l t .  He suggests t h a t  the  
f r a c t i o n a l  c r y s t a l l i z a t i o n  took place under e l e v a t e d  P ^ O  a t  
c r u s t a l  depths ,  and may have led to the f o r m a t i o n  o f  e i t h e r  
the g r a n i t i o d  rocks of  the b a t h o l i t h ,  or o f  s i a l i c  v o l c a n i c  
rocks which have subsequent l y  been eroded away.  He noted  
t h a t  s u b t r a c t i o n  of  the composi t ions of  these  gabbros from 
the proposed p a r e n t a l  magmas would produce both the  major  
and t r a c e  e lement  v a r i a t i o n s  observed in some c a l c - a l k a l i n e  
rock sequences.
N i s h i m o r i ' s  work ( 1 9 7 4 ,  1976)  can be c r i t i c i z e d  on 
s e v e r a l  grounds.  He ana l yzed  the mi ne r a l s  f rom on l y  e l even  
rocks c o l l e c t e d  from only  two,  out of  more than f o r t y  
gabbr o i c  p l u t o n s ,  exposed in the b a t h o l i t h .  He acknowledged  
t h a t  both p lu t ons  were formed by m u l t i p l e  i n t r u s i o n  but  d id  
not de s c r i b e  the e v o l u t i o n  of  e i t h e r .  He f a i l e d  to note  
t h a t  t h e r e  are two d i s t i n c t  s u i t e s  of  gabbros present  
(Walawender  and Smi th,  1980)  c h a r a c t e r i z e d  by d i f f e r e n t
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mi ner a l  parageneses.  Under such c i r cumst ances ,  i t  seems 
u n l i k e l y  t h a t  N i s h i m o r i ' s  study would l ead to comprehensive  
c o n c l u s i o n s .
Er ikson ( 1 9 7 7 ) ,  in a study of  the Mount S t u a r t  
b a t h o l i t h  of  Washington S t a t e ,  suggested t h a t  i t  o r i g i n a t e d  
by the f r a c t i o n a t i o n  of  a gabbr oi c  m e l t .  The Mount S t u a r t  
b a t h o l i t h  comprises s i m i l a r  rock types in s i m i l a r  
p r o p o r t i o n s ,  to the P e n i n s u l a r  Ranges b a t h o l i t h  and 
E r i k s o n ' s  i n t e r p r e t a t i o n  is i d e n t i c a l  in essence to t h a t  of  
Larsen.  In his d i s c u s s i o n ,  and mathemat ica l  a n a l y s i s  of  the  
dat a ,  Er ikson (1977)  poi nts  out  t h a t  the f r a c t i o n a t i o n  
process should y i e l d  80% g a b br o i c ,  and 20% i n t e r m e d i a t e  to 
g r a n i t i c  rocks.  The observed abundances of  the d i f f e r e n t  
rock t y p e s ,  exposed at  the s u r f a c e  in the Mount S t u a r t  
b a t h o l i t h ,  are  90% i n t e r m e d i a t e  to g r a n i t i c ,  and onl y  10% 
g a b b r o i c ,  rock .  S i m i l a r  rock p r o po r t i ons  occur  in the  
P e n i ns u l a r  Ranges b a t h o l i t h .  These mass balance  
c a l c u l a t i o n s ,  show t h a t  ser ious d i s c r e p a n c i e s  e x i s t  between 
the observed and p r e d i c t e d  percentages of  the var i ous  rock  
t y p e s ,  and must be e x p l a i n e d .  Thus the model of  the  
e v o l u t i o n  of  the P e n i n s u l a r  Ranges b a t h o l i t h ,  proposed by 
Larsen ( 1948)  and Nishimor i  ( 1974 ,  1 9 7 6 ) ,  may be 
l e g i t i m a t e l y  r e j e c t e d  unless some s a t i s f a c t o r y  e x p l a n a t i o n  
f o r  the observed p r opor t i ons  of  rock types can be found.
This model der i ves  from Bowen's p r o p o s i t i o n  (1928)  t h a t  
f r a c t i o n a l  c r y s t a l  1 i z a t i o n  of  a b a s a l t i c  magma can account  
f o r  the d i v e r s i t y  in composi t ion of  igneous rocks.  In his
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di scuss i on  on the course of  f r a c t i o n a l  c r y s t a l 1i z a t i o n  of  
b a s a l t i c  magma Bowen ( 1 9 2 8 ,  pp. 79 - 80 )  emphasised the  
enr ichment  of  the res i dual  l i q u i d  in s i l i c a  and a l k a l i  
f e l d s p a r  components but did not  cons i der  the enr i chment  in  
i r on  or f e r r i f e r o u s  pyroxene component to be s i g n i f i c a n t .
On the o t he r  hand,  Fenner  ( 1929 )  emphasized the enr ichment  
of  the r e s i d u a l  l i q u i d  in i ron  r a t h e r  than s i l i c a ,  dur ing  
c r y s t a l ! i z a t i o n . Bowen's argument  is v a l i d  f o r  the  chemical  
t rends produced by f r a c t i o n a l  c r y s t a l l i z a t i o n  of  
c a l c - a l k a l i n e  magmas, but  as noted in the s t u d i e s  above 
( La r s e n ,  1948;  N i s h i m o r i ,  1974,  1976;  Er i k s on ,  1 9 7 7 ) ,  
c a l c u l a t i o n s  show t h a t  the rock p r o por t i ons  produced are not  
the same as those o c c u r r i ng  in n a t u r a l  a s s o c i a t i o n s .
The d i scr epancy  between the c a l c u l a t e d  and observed  
p r o por t i on s  of  the var i ous  rock types in proposed  
f r a c t i o n a t e d  rock sequences has been known f o r  many y e a r s .  
St ud i es  of  maf ic  igneous i n t r u s i o n s ,  such as the Skaergaard  
I n t r u s i o n ,  (V/ager and Deer ,  1939)  show t h a t  only a f r a c t i o n  
of  a percent  of  the magma c r y s t a l l i z e s  as a g r a n i t i c  rock.  
This would imply t h a t  tremendous volumes of  maf ic  mel t  had 
d i f f e r e n t i a t e d  to y i e l d  the volume of  g r a n i t i c  rocks p resent  
in the t y p i c a l  b a t h i o l i t h .  Morse ( 1 9 7 6 ) ,  and Wager and Deer  
( 1939)  concluded t h a t  g r a n i t i c  rocks found i n  orogeni c  zones 
are not  produced by f r a c t i o n a l  c r y s t a l l i z a t i o n  from a 
b a s a l t i c  p a r e n t .
A l t e r n a t i v e l y  Er i kson ( 1 9 77 )  suggested t h a t  a l a r g e  
body of  gabbr oi c  rocks must l i e  a t  depth beneath the Mount
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S t u a r t  b a t h o l i t h .  However,  a wide v a r i e t y  on evidence  
suggests t h a t  t h i s  cannot  be so. For i ns t a nc e  Bot t  and 
Smithson ( 1967 )  s t a t e d  " G r a n i t e  magma may a l so  o r i g i n a t e  by 
d i f f e r e n t i a t i o n  w i t h i n  a chamber of  maf i c  magma i n  the  
c r u s t ,  or  by f u s i o n  of  c r u s t a l  m a t e r i a l  by a maf ic  
i n t r u s i o n . "  In t h i s  case ,  the g r a n i t e  p l u t on  would be 
expected to occupy a much s m a l l e r  volume than the par en t  
ma f i c  igneous p l u t o n ,  g i v i n g  r i s e  to a domi n a n t l y  p o s i t i v e  
g r a v i t y  anomaly,  w i t h  a r e l a t i v e l y  smal l  n e g a t i v e  r e s i d u a l  
anomaly over  the g r a n i t e  i t s e l f .  W a l c o t t  ( 1967 )  (howed t h a t  
t h e r e  is a n e g a t i v e  anomaly along the C e n t r a l  P a c i f i c  
seaboard which suggests t h a t  the e a r t h ' s  c r u s t  is 
pr e do mi na nt l y  of  g r a n i t i c  composi t  ion in t h i s  a r e a .  These 
o b s e r v a t i o n  make i t  u n l i k e l y  t h a t  t h e r e  are vast  q u a n t i t i e s  
of  gabbro at  dept h .
O l i v e r  ( 1 9 77 )  has proposed a g r a v i t y  model f o r  the  
S i e r r a  Nevada b a t h o l i t h ,  which is a s s o c i a t e d  w i t h  a n e g a t i v e  
Bouger anomaly,  and r e q u i r e s  the e x i s t e n c e  o f  a ma f i c  l a y e r  
a t  depths of  30 km. This hypothes is  cannot  s a t i s f a c t o r i l y  
e x p l a i n  the f o r m a t i o n  of  the gabbros of  the P e n i n s u l a r  
Ranges b a t h o l i t h ,  s i nce  they have m i n e r a l o g i e s  c o n s i s t e n t  
w i t h  c r y s t a l l i z a t i o n  a t  pressures of  l ess than 5 mpa (15 km) 
and t h e r e  is no ev i dence of  s i g n i f i c a n t  d i f f e r e n t i a t i o n  at  
g r e a t e r  depth (Walawender ,  1 9 7 6 ) .  Berggreen and Walawender  
( 1977 )  have demonst ra ted t h a t  the r e g i o n a l  metamorphism of  
the Morena Resevo i r  r o o f  pendant  ( J u l i a n  S c h i s t s ) ,  whikh is 
s p a t i a l l y  a s s o c i a t e d  w i t h  the Cor te  Madera Gabbroic P l u t o n ,
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took p lace at  about  2 . 0  -  2.5 mpa pressure and 600°C.  These 
r e l a t i o n s h i p s  conf i r m t h a t  the gabbros were emplaced,  and 
d i f f e r e n t i a t e d ,  a t  r e l a t i v e l y  high l e v e l s  in the c r u s t ,  and 
they do not suggest  the presence of a maf ic  l a y e r  a t  30 km.
An a l t e r n a t i v e  escape from the volume argument may be 
to f o l l o w  Hami l ton ind Myers ( 1967 )  and assume t h a t  
b a t h o l i t h s  are t h i n  t a b u l a r  bodies t h a t  extend only  to very  
sha l l ow depths.  In t h i s  model the volume o f  g r a n i t i c  rocks  
would be c ompa r a t i v e l y  smal l  and Bowen's suggest ion ( 19 28 ,  
pp. 8 7 - 8 8 ) ,  t h a t  the middle and lower par ts on the c r us t  
beneath a b a t h o l i t h  are g a b br o i c ,  would be r e as ona b l e .  
However,  i f  the g r a n i t i c  rocks formed by f r a c t i o n a l  
c r y s t a l l i z a t i o n  from such a lower c r u s t ,  any wat e r  present  
in the system would c o n c e n t r a t e  in the upward moving 
g r a n i t i c  l i q u i d s .  The n e a r l y  anhydrous r e s i d u a l  m a t e r i a l  
would form e c l o g i t e  or gar ne t  g r a n u l i t e  (Ringwood and D.H.  
Green,  1966;  I t o  and Kennedy,  1971;  D.H.  Green and Ringwood,  
1972)  and would have a P-wave v e l o c i t y  much g r e a t e r  than is 
observed,  f o r  i n s t a n c e ,  beneath the S i e r r a  Nevada b a t h o l i t h  
(Bateman and Eaton,  19 6 7 ) .  Thus the middle and lower  c r us t  
beneath b a t h o l i t h s  cannot  have a b a s a l t i c  composi t ion  
r e s u l t i n g  from f r a c t i o n a l  c r y s t a l l i z a t i o n  t h a t  produced 
g r a n i t i c  rocks emplaced at  upper c r u s t a l  l e v e l s .
Albarede ( 1 9 7 6 ) ,  in his study o f  the P e n i n s u l a r  Ranges 
b a t h o l i t h ,  suggested t h a t  i t  was formed by d i f f e r e n t i a t i o n  
of  a t o n a l i t e  p a r e n t a l  magmi. He suggests t h a t  the gabbros 
are cumulate rocks formed by s e p a r a t i o n  of  the e a r l y
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c r y s t a l l i z i n g  mi ner a l s  and t h a t  the g r a n o d i o r i t e s  were  
de r i v e d  from a r e s i d u a l  magma. The arguments presented  
above i n d i c a t e  t h a t  the gabbros are cumul a t i ve  rocks formed 
at  pressures of less than 5 mpa. The l i q u i d u s  mi n e r a l s  
pr e s e n t  in a t o n a l i t i c  m e l t ,  a t  pressures less than 5 mpa, 
are p l a g i o c l a s e ,  hor nb l ende ,  and b i o t i t e  ( P i w i n s k i i  and 
W y l l i e ,  1 9 6 8 ) .  The gabbr oi c  r ock s ,  which comprise mix tures  
of  cumulate c r y s t a l s  of  p l a g i o c l a s e ,  o l i v i n e ,  c l i n o p y r o x e n e , 
and o r t hopyr ox ene ,  could not  have formed from a t o n a l i t e  
magma.
In a s e r i e s  of  s t u d i e s ( o f  the gabbr oi c  rocks of  the  
P e n i n s u l a r  Ranges b a t h o l i t h  (Walwender ,  1976;  Walawender e t  
a l . ,  1977,  1979;  L i l l i s  e t  a l . ,  1 9 7 9 , ;  Whee l er ,  1979 and 
Walawender and Smi t h ,  1980)  presented arguments to  
demonst rate  t h a t  the gabbros are not  c ogent i c  w i t h  the  
g r a n i t i c  rocks of  the b a t h o l i t h .  These s t ud i e s  i nc l u de  
p e t r o g r a p h i c , geochemica l ,  and s t r u c t u r a l  o b s e r v a t i o ns  on 
the gabbr oi c  rocks,  and t h e i r  f i e l d  r e l a t i o n s h i p s  w i t h  the  
metamorphic host  r ocks ,  and the a s s oc i a t ed  g r a n i t i c  rocks of  
the b a t h o l i t h .  These authors suggest  t h a t ,  i n  g e n e r a l ,  
t h e r e  i s  a wide composi t i ona l  gap between the gabbr o i c  rocks 
and the g r a n i t o i d s ,  which cannot  be e x p l a i n e d  by the  
f r a c t i o n a t i o n  t rends shown by e i t h e r  group.  Trace e lement  
d i s t r i b u t i o n s  suggest  t h a t  the d i o r i t i c  rocks a s s o c i a t ed  
wi t h  the gabbros,  and having ma.jor element  composi t ions  
i n t e r m e d i a t e  between the gabbros and the g r a n i t i c  rocks ,  
were formed by c ont ami na t i on  of  a maf ic  m e l t .  These t r a c e
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el ement  d i s t r i b u t i o n s  a l so  pr ec l ude  the o r i g i n  o f  the  
g r a n i t i c  components of  the  b a t h o l i t h  by f r a c t i o n a l  
c r y s t a l l i z a t i o n  of  a p a r e n t a l  gabbroi c  m e l t .
A summary paper (Walawender  and Smi t h ,  1980)  
demonst rates t h a t  the  bas i c  p lu t ons  o f  the Pen i n s u l a r  Ranges 
b a t h o l i t h  a r e  m u l t i p l e  i n t r u s i v e  complexes,  in  which 
cumulate  rocks of  two s e r i e s ,  the o l i v i n e - p y r o x e n e  s e r i e s ,  
and the amphi bol e -gabbr o  s e r i e s ,  occur .  I t  is suggested  
t h a t  these are formed by d i f f e r n t i a t i o n  o f  a p a r e n t a l  
h i g h - a l u m i n a  b a s a l t  me l t  at  pressures  o f  l ess than 5 mpa.
The data  present ed  above suggest  t h a t  the gabbros evolved  
f rom high A1203 mel ts of  t h o l e i i t i c  a f f i n i t i e s .  Whole rock 
t r a c e  e lement  s t u d i e s  ( L i l l i s  e t  al  . , 1979 ; Walawender e t  
a l . ,  1979;  1978;  and Walawender and Smi th ,  1980)  have shown 
t h a t  i t  is u n l i k e l y  t h a t  the g r a n i t o i d  and gabbr o i c  rocks of  
the P e n i n s u l a r  Ranges b a t h o l i t h  evo lved from the same 
magma.
The mi ner a l  parageneses of  the two rock s e r i e s  in the  
Mount Poser P l ut on  may be used as f u r t h e r  suppor t  f o r  t h i s  
c o n c l u s i o n .  The cumulate mi n e r a l s  o f  the p l a g i o c l a s e -  
o l i v i n e  s e r i e s  are p l a g i o c l a s e  and o l i v i n e  and they occur  in 
a modal r a t i o  of  5 0 : 2 5 .  The o r i g i n a l  mel t  contains-  
a p p r o x i ma t e l y  51.6% S i 0 2 and a t y p i c a l  g r a n i t o i d  rock  
c ont a i ns  70% Si02« C a l c u l a t i o n  shows t h a t  i t  r e q u i r e s  the  
c r y s t a l l i z a t i o n  of  75% of  the c r y s t a l  mi x t u r e  having an 
average Si02 c o n t e n t  of  70% noted above,  in o r der  to produce  
t h i s  change by f r a c t i o n a l  c r y s t a l l i z a t i o n .  The
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p l a g i o c l a s e - p y r o x e n e  se r i e s  cont a i ns  cumulate p l a g i o c l a s e ,  
o r t hopyr ox ene ,  and c l i n o p y r o x e n e , in modal p r o po r t i on s  of  
6 0 : 1 0 : 1 0  and an average SiOg cont en t  of  50%. These rocks  
probabl y  formed from a b a s a l t i c - a n d e s i t e  mel t  having  
a p p r o x i ma t e l y  57.4% Si02» C a l c u l a t i o n  shows t h a t  the  
r e s i d u a l  mel t  would have a cont en t  of  71% SiOg a f t e r  
c r y s t a l l i z a t i o n  of  65% of  the m e l t .
Both c a l c u l a t i o n s  i n d i c a t e  t h a t  most of  the magma must 
c r y s t a l l i z e  be f or e  the r e s i d u a l  mel t  has a s u f f i c i e n t  SiOg 
c on t e n t  to form a g r a n i t o i d  rock.  The l ack  o f  any ev idence  
i n d i c a t i n g  the presence of  a very l a r g e  volume o f  the maf ic  
cumulates a s s o c i a t e d  w i t h  the b a t h o l i t h  suggests t h a t  the  
g r a n i t o i d  rocks are not c o - g e n e t i c  w i t h  the gabbros,  and 
r e i n f o r c e s  the arguments present ed  above.
Some evidence e x i s t s ,  in the cumulates at  Los Pinos 
( Wa l a we n de r , 1 9 7 6 ) ,  of  the ve n t i ng  of  gases to the s u r f a c e ,  
and by i m p l i c a t i o n  of  a s s o c i a t e d  v o l c a n i c  a c t i v i t y .
N i sh i mor i  ( 1974 ,  1976)  suggested t h a t  s i a l i c  v o l c a n i c  rocks  
of  the c a l c - a l k a l i  s e r i e s  may have been formed by the  
f r a c t i o n a l  c r y s t a 11 i z a t i o n  processes which led to the  
f o r ma t i o n  o f  the cumulate gabbros.  The t r a c e  e lement  >: I 
c a l c u l a t i o n s  r e po r t e d  above,  however ,  i n d i c a t e  t h a t  the  
r e s i d u a l  mel ts probabl y  belonged to the i s l a n d  arc t h o l e i i t e  
s e r i e s  and not the c a l c - a l k a l i  s e r i e s .  The c o m p a r a t i v e l y  
smal l  c o n c e n t r a t i o n  o f  SiOg in the mel t  dur ing f r a c t i o n a t i o n  
supports t h i s  c o n c l us i o n .
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CONCLUSIONS
Previous work has i n d i c a t e d  t h a t  the gabbros o f  the  
P e n i n s u l a r  Ranges b a t h o l i t h  are made up of  cumulate rocks  
formed from m u l t i p l e  i n t r u s i o n s  of  maf ic  magma (Walawender  
and Smi th ,  1 9 8 0 ) .  This study of  the major  and t r a c e  e lement  
c h e mi s t r y  of  the m i n e r a l s  of  the gabbr oi c  rocks o f  the Mount  
Poser P l uton conf i rms these s u g ge s t i on s .  Evidence is 
pr esent ed  to show t h a t  t h e r e  are repeat ed  i n t r u s i o n s  of  
ma f i c  magma w i t h  g e n e r a l l y  s i m i l a r  c h a r a c t e r i s t i c s  but  which  
were evolved to a g r e a t e r  or l e s s e r  degree at  the t ime of  
i n t r u s i o n .  Two s e r i e s  of  rocks are r e c o g n i z e d ,  a 
p i a g i o c l a s e - o 1 i v i n e  s e r i e s  produced from a less  
d i f f e r e n t i a t e d  me I t ,  and a p l a g i o c l a s e - p y r o x e n e  s e r i e s  
produced from a more d i f f e r e n t i a t e d  m e l t .
The d i f f e r e n c e s  in the magmas at  the t ime of  i n t r u s i o n ,  
may be th.e r e s u l t  of  d i f f e r e n t  degrees of  p a r t i a l  m e l t i n g  o f  
the same source m a t e r i a l ,  p a r t i a l  m e l t i n g  o f  source  
m a t e r i a l s  w i t h  somewhat d i f f e r e n t  c h e m i s t r i e s ,  or  
d i f f e r e n c e s  in the amount of  d i f f e r e n t i a t i o n  t a k i ng  p l ace  in 
the  magma as i t  r i s e s  through the  mant le  to be emplaced in  
the c r u s t .  There is  no s y s t e m a t i c  t r e nd  from less  
d i f f e r e n t i a t e d  to more d i f f e r e n t i a t e d  magmas as they  are  
emplaced,  and the d i f f e r e n c e s  in t h e i r  c h e m i s t r i e s  are  
s m a l l .  The s i t u a t i o n s  is f u r t h e r  c ompl i c a t e d  by the f a c t  
t h a t  each batch of  mel t  emplaced has d i f f e r e n t i a t e d  in  s i t u .  
I t  has not  proved p o s s i b l e  to decide on an e x p l a n a t i o n  f o r
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t hese  d i f f e r e n c e s .
The chemi st ry  of  the cumulate mi ner a l s  suggests t h a t  
the magma from which they formed was a high AlgOg ( O l i v i n e )  
t h o l e i i t i c  b a s a l t .  The presence o f  h i g h l y  a n o r t h i t i c  
p l a g i o c l a s e  and of  amphiboles in these gabbros,  i n d i c a t e s  
t h a t  the magmas cont a i ne d  more wat e r  than t y p i c a l  
c o n t i n e n t a l  and oceanic  t h o l e i i t i c  magmas. The hydrous 
nat ur e  and high AlgOg cont en t  of  the par en t  magmas is  
t y p i c a l  of  magmas p r e s e n t l y  e r u p t i n g  in orogeni c  areas  
(Green,  1 9 8 0 ) ,  and the wa t e r  cont en t  plays a c r i t i c a l  r o l e  
in c o n t r o l l i n g  d i f f e r e n t i a t i o n  p a t t e r n s .
The t r a c e  e lement  contents  of  the cumulate m i n e r a l s ,  
and known d i s t r i b u t i o n  c o e f f i c i e n t s ,  were used to c a l c u l a t e  
the t r a c e  element  chemi st ry  o f  the mel ts from which the  
mi ner a l s  c r y s t a l l i z e d .  These c a l c u l a t e d  t r a c e  element  
contents  were compared w i t h  the e s t a b l i s h e d  values f o r  the  
var i ous  mel ts which e r up t  in a c t i v e  orogeni c  a r eas .  The 
comparison shov/s t h a t  the cumulate mi ner a l s  of  the 
p1a g i o c l a s e - o l  i v i n e  s e r i e s  were in e q u i l i b r i u m  wi t h  a me l t  
having a t r a c e  element  composi t ion very s i m i l a r  to t h a t  of  
an i s l a n d  arc t h o l e i i t i c  b a s a l t .  The mi ner a l s  of  the  
p l a g i o c l a s e - p y r o x e n e  s e r i e s  c r y s t a l l i z e d  in e q u i l i b r i u m  wi t h  
a me l t  having the composi t ion o f  an i s l a n d  arc t h o l e i i t i c  
a n d e s i t e .  Those c a l c u l a t i o n s  c o n f i r m the general  
conc l us i ons  d e r i v e d  from a study o f  the major  e lement  
chemi s t r y  of  the m i n e r a l s .
Simple c a l c u l a t i o n s  show t h a t  about  70% and 65%, of  the
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b a s a l t i c  and a n d e s i t i c  magmas r e s p e c t i v e l y ,  have to  
c r y s t a l l i z e ,  w i t h  the t y p i c a l  modal p r o po r t i on s  of  the  
cumulate m i n e r a l s ,  in o r der  to produce a r e s i d u a l  mel t  
having an SiOg cont ent  o f  70% ( t y p i c a l  o f  the g r a n i t o i d s  o f  
the b a t h o l i t h ) .  Thus the d i f f e r e n t i a t i o n  of  the maf ic  
magmas, which is a c t u a l l y  seen to take p l a c e ,  would produce  
a rock sequence c o n t a i n i n g  l ess than 30% g r a n i t o i d  rocks.
The b a t h o l i t h  cont a i ns  more than 80% g r a n i t o i d s ,  t h e r e f o r e  
c o n f i r mi n g  t h a t  they could not have been formed by 
f r a c t i o n a t i o n  of  the maf ic  magmas from which the gabbros 
were formed.  The gabbros and g r a n i t o i d  rocks of  the  
P e n i n s u l a r  Ranges b a t h o l i t h  are not c o - g e n e t i c .
There is ev idence in the Los Pinos Pluton of  v o l c a n i c  
a c t i v i t y  a s s o c i a t e d  w i t h  the gabbros.  I t  is suggested t h a t  
the r e s i d u a l  mel ts formed w i t h i n  the gabbroi c  p lu t ons  were 
r e p e a t e d l y  swept from the chamber dur ing m u l t i p l e  i n t r u s i o n .  
These mel ts e r up t ed  a t  the sur f a ce  to form a sequence of  
v o l c a n i c  rocks having composi t ions s i m i l a r  to those o f  the  
i s l a n d  arc t h o l e i i t i c  sequence.
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Appendix I I
Sonple No 520 301
P5
Olivine
335
Analyaea
337 °6 344 10 1-40-2
3i0g 40.24 40.27 39.28 40.32 39-87 39.83 38.18 39.92 37.1
Al2°3 O.O4 - - 0.03 - 0.03 0.05 - 0 .2
Pe2°3 11.15 18.46 19.04 19.21 20.18 21.17 24.23 16.52 17.5
.. Ti02 - - - 0.08 - 0.05 0.30 - -
MnO 0.1a 0.31 0.22 O.24 0.21 0.16 0.17 - 0.1
MgO 42.73 42.95 42-37 41.05 40.26 39-72 38.59 43.90 44.2
CaO 0.03 0.01 0.01 0.01 0.01 0.02 0.02 0.17 -
Ko 81.3 80.3 79.6 78.1 77.8 76.8 73.8 83.0 81.9
320, Olivine in gabbro, Theuaaloniki (Sapountziu, 1919)
301, Olivine in olivine gabbronorite, Theaaaloniki (Sapountzio, 1919)
P., Olivine in gabbro, Theaaaloniki (Sapountzio, 1919)
335» Olivine in olivine gabbronorite, Theaaaloniki (Sapountzio, 1919)
331, Olivine in olivine gabbronorite, Theaaaloniki (Sapountzia, 1979)
0,, Olivine in gabbronorite, Theaaaloniki (Supountzia, 1919)
344, Olivine in gabbro, Theaaaloniki (Sapountzio, 1919)
10, Olivine aoikilitically enoloaing anphibole at Little Mount llofliaan California, (Olivine baualt, Mertzaan, 
1978)
1-40-2,01ivine in Dunite, Duka Inland, Alauka (Irvine, 1974)
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Appendix III 
Cllnopyroxene Analyses
Sample No 140 128 132 153 Sg-2 lhg-2 T770 37541 37571
Si02 52.32 52.51 52.01 51.20 49-77 40.17 40.73 53.40 53.50
TiOg 0.59 0.37 0.34 O.27 0.90 O.89 0.81 0.13 0.21
‘ ' A 1.97 2.11 2.15 0.80 4-03 6.70 5-90 O.75 0.83
'*2°l 7.56 9.06 IO.17 16.19 7.29 8.27 7.43 6.85 10.00
MnO 0.17 0.20 O.24 0.36 O.15 O.17 0.15 0.47 -
MgO 15.75 14.23 13.69 10.27 13.00 13.01 14.43 15.50 14.10
CaO 21.26 21.58 21.23 20.37 21.47 22.23 22.49 22.50 21.50
Na20 0.31 0.28 0.33 0.32 0.91 0.37 0.26 0.25 0.30
V O.O4 O.O4 0.02 0.06 O.14 0.04 0.0008 - -
Mg 44.6 40.8 39.4 30.0 41.74 38.99 41.60 43.65 40.09
Cu 43.3 44.5 44.O 42.8 46.40 47.62 46.57 45.54 43.94
Fe 12.1 14.7 16.6 27.2 11.86 13.39 11.63 10.01 15.96
14b, Augite in Fe-poor gabliroio rook, Quadalupe (Best and Mercy, 1967)
128, AugitA in niddle gabbpoio rock, Quadalppe
132| Augite in middle gabbroio rockj Quadalupe
153, Augite in Fe-rich gabbric rook, Quadalupe
Beef; and Mercy, 1967)
Best and Mercy, 19(7)
(Beet, and Mercy, 1967}
Sg-2, Salile in cllnopyroxene bearing hornblende gabbroio inclusion from Shlguroui, Nagano Prefecture, Central
Jupan (Yamasaki, et ul 1966)
Ilig-2, Salile in olinopyroxene hornblende gabbroio inclusion from Ichinoaegnta, Akita Prefeotupe, Central Japan 
(Yaauxaki, et al 1966)
T'flO, Salite in interstitial ocoria, Soufriera, West Indion (beuin, 1973)
17541, Salite in norite, Hew Zdaland, ( Price A Sinton, 1970)
37571, Augite in gabbro, Meu Zealand, (Price A Sinton, 1970)
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Appendix III contd. 
Cllnopyroxene Analysea
Sample No P2 335 301
520
P5
344 P3
D6 337 334
Si02 52.71 52.67 52.69 52.00 51.71 51.97 52.62 52.54 51.36 51.86
Ti02 05-10 0530 0.14 0.09 0.13 0.42 0.*37 0.20 0.45 0.47
»120 2.22 1.91 1.97 2.00 2.24 2.49 2.15 2.04 2.10 2.29
4 4.90 5.23 4.62 4.09 5.O4
5.22 6.23 6.65 7.43 7.46
ac 0.21 0.1B 0.12 0.12 O.24 0.10 0.20 0.25 0.29
MgO 17.56 16.90 16.52 16.97 16.29 16.60 17.12 17.02 15.02 14.92
CaO 23.49 22.23 21.67 22.25 22.66 22.57 21.31 21.73 22.04 22.24
N a 2 0 0.12 0.09 0.13 - - - 0.12 0.16 0.17 -
Hg 45.85 47.56 47-47 47-43 45.92 46.37 40.12 47*40 42.70 42.31
Ca 47.17 44.97 44.70 44.71 45.92 45.11 43.06 43.50 45.05 45-35
Pe 6.90 7.47 7.75 7.06 0.16 0.52 0.02 0.02 12.25 12.34
P , Augite in gabbro, Theaaaloniki (Sapountzia, 1979)
335, Augite in gabbro, Theaaaloniki. (Sapountzia, 1979)
301, Apgite in olivine gabbronorite, Theaaaloniki (Sapountzia, 1979)
520, Augite in gabbro, Theaaaloniki fSapountzia, 1979)
P , Augite in gabbro, Theaaaloniki (sapountzia, 1979i 
3q4, Augite in gabbro, Theaaaloniki (Sapountzis, 1979) 
p , Augite in gabbronorite, Theaaaloniki fSapountzia, 1979)
DO, Augite in gabbronorite, THeaoaloniki (Sapountzia, 1979)
337, Augite in olivine gabbronorite, Theaaaloniki (Sapouiuzia, 1979)
334, Augite in gabbro, Theaaaloniki (Sapountzia, 1979)
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Sample Ho ED175 EB43
sio2 52.61 51.03
Ti02 O.44 0.49
“ A 2.72 3.07
' • A 7.21 0.59
HnO 0.18 0.17
HgO 15-97 16.00
CaO 20.50 19.21
llUgO 0.28 0.27
k2P 0.02 0.02
Hg 46 .O 45-0
Ca 42.3 41 .0
Ee 11.7 14.0
Appendix III contd. 
Clinopyroxene Analyacu
EB41 SA660
51.86 52.90
0.55 0.37
2.33 2.41
11.05 6.13
O .24 0.16
14.50 16.18
10.92 21.46
0.23 0.34
- 0.02
42.5 46.I
39.5 44.Q
18.0 9-9
EUnt>,
m i,
EB4 I ,
Sa£60,
Augite in lower gabbro, Stillwater Intrusion, U.S.A.
Augite in upper gabbro, Stillwater Intrunion, U.S.A.
Augito in upper gabbro, Stillwater Intrusion, U.S.A.
Hager and Drown, 196'/) 
Wuger and Drown, 1967) 
Hager and Broun, 1967)
Diopsidic augite in gabbro, Eastern Uuohveld (Hager and Broun, 196'/)
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Sample No 50241 335 301
Si02 52.01 54.62 55.09
Ti02 0.35 0.17 0.06
Al2°3 1.92 1.51 1.58
Fe2°3 21.77
12.66 11.50
MnO - 0.28 0.28
HgQ 20.92 29.84 30.54
CaO 2.78 1.42 1.01
Na20 0.11 0.16 -
Hg 65.10 79.42 80.62
Ca 4-9 . 2.72 1.92
Fo 29.91 17.87 17.46
En 68.55 81.63 82.21
Appendix IV 
Orthopyroxene Analyaea
520
P5 P2 344
54.32 54.46 55.34 54-93
0.03 0.03 0.23 0.23
1.49 1.52 1-47 I.42
11.59 11.95 12.20 13.12
0.19 0.22 0.47 O .51
30.18 30.05 30.22 29.80
1.08 1.30 0.75 O.72
80.33 79.45 79.70 78.49
2.07 2.47 1.42 1.36
17.60 18.06 18.08 20.15
82.03 81.45 80.05 79.67
P3
D6 334 P
54.27 54.47 53.79 53.28
0.10 0.11 O.24 0.20
1.67 I.48 1.34 0.83
13.79 14.25 18.46 23.79
0.41 0.35 O .46 0.50
28.75 28.51 25.12 20.99
1.34 1.36 1.00 0.89
0.06 0.12 - 0.22
77.34 76.95 68.90 65.19
2.59 2.64 1.97 1.75
20.07 20.41 29.13 33.06
79.40 79.04 70.29 66.34
$8241,
315,
301,
520,
P5,
Si.
k
334,
P.
llyperuthenedn typical norite in S. California (Laraen & Draiuin, 1950) 
Uronzite, in gabbro, Titeaualoniki (Sapountzio, 1979)
in olivine gabbronorite, Theaaalonlki(3apountzia, 1979)Uronzite,
Uronzite,
Uronzite,
Uronzite,
in gabbro, Theaaaloniki Sapountzio, 1979) 
in gabbro, Theaaaloniki Sapountzio, 1979) 
in gabbro, Theaaaloniki (Sapountzio, 1979) 
Hyperuthenq,in gubbro, Theaaaloniki (Sapountzio, 1979) 
Uyperuthene,in gabbronorite, Theaaaloniki (Supountia, 1979) 
llyperuthene, in gabbronorite, Theaaaloniki (Sapountzia, 1979) 
Uyperathene, in gubbro, Theaaaloniki (Sapountzia, 1979) 
llyperathena, in gabbronorite, Titeaualoniki (Sapountzia, 1979) 122
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Appendix IV contd. 
Orthopyroxene Analyuea
Sample No QU10 NP9 GUIS GU16 GUI 3 MP1 . MP6 C011 04G SA66O
Si02 51.86 53.38 51.57 53.83 53-26 52.69 52.05 50.79 52.81. 54.32
Ti02 0.12 0.22 O .27 0.19 0.21 0.29 0.11 0,27 0.45 0.25
Al2°3 1.82
2.21 2.30 1.93 1.22 1.53 1.00 1.05 0.50 1.83
FeO* 14.45 14-91 14.84 15.15 19.05 23.46 24.10 29.25 17.65 14.72
MnO 0.43 0.37 0.38 0.45 0.62 0.54 0.98 0.81 nd 0.29
MgO 28.00 27.65 27.44 27.58 24.97 21.65 20.90 16.64 26.83 27.56
CaO 1.36 1.09 1.38 1.35 1.17 0.89 1.11 1.12 1.52 1.18
Ha20 nd 0.33 0.04 0.07 0.02 0.07 0.05 0.13 0.01 0.05
Hg 75.9 • 74.7 74.6 73.9 68.5 61.1 59.4 49.2 71.0 75.0
Cu 2.1 2.6 • 2,7 2.6 2.3 'f 1.8 2.2 2.3 2.9 2i3
Fa 22.0 22.7 22.7 23.5 29.? 37.1 38.4 48.5 26.1 22.7
£n 77.53 76.69 76.67 75.8/ 70.11 62.22 c*J* 1*) 50.36 73.12 76.76
GU10, Hyperathene In olivine gabbro, POO (Niahimori, 1976)
HP9, Hyperathene in hyperathene olivine pabbro, PEG (Niahimori, 1976)
GU18, Hyperathene in olivine gabbro, PRO (Niahimori, 1976)
CU16, Hyperathene in gabbro, PRO (Niahimori. 1976)
GUI3, Hyperathene in omphibole gabbro, PRG (Niahimori, 1976)
MP1, Hyperathene in norite, PRG (Niahimori, 1976)
MP6, Hyperathene in norite, PRG (Niahimori, 1976)
0011, Hyperathene in amphibole gabbro, PRO (Niahimori, 1976)
04C, Hyperathene in olivine gabbro, PEG (Niahimori, 1976) 
SA660,Uronxite in gabbro, Haatern Buuhveld (llager and Brown, 1967)
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Appendix V 
Amphibole Analyses
Sample No 1 2 3 4 5 Sg-1 Sg-2 Kj-1 Iht-1 Ihg-1
Si02 40.87 42.05 43.3 42.6 40.6 40.42 40.45 41.27 40.29 39-75
Ti02 1.82 2.46 2.9 2.9 5.5 2.23 2.59 2.06 2.43 1.90
n,o 16.25 14.27 11.5 13.4 14.5 15.12 15.03 13.96 16.99 17.36
f*2°3 12.22 9.25 12.2 14.3 13.4 11.64 11.38 12.11 11.99 11.90
MnO - 0.26 - - - 0.21 0.19 0.18 0.18 0.17
MgO 13.93 14.52 13.2 11.7 12.0 13.46 13.49 13.88 12.03 11.85
CaO 10.87 11.98 10.8 10.9 9.6 12.13 11.96 11.81 12.04 11.76
Na 0 2.54 2.45 2.4 1.6 2.1 ‘ 1.89 1.91 1.72 1.44 1.49
V 0.13 0.53 0.3 0.4 0.5 O.78 0.79 O.98 0.33 0.97
1, Amphibole froa LMH in California (Mertznian, 1970)
2, Amphibole from Kick'em Jenny high-alumina olivine tholeiite, (Meftzman, 1977)
Lesser Antilles island arc (Sigurdsson i Shepherd, 1974)
3, Hornblende (llolloway I t Burnham, 1972,Table At no. 20, Table 5, no. 3)
4, Tsehermhkite hornblende in California (Holloway & Burnham, 1972, Table 4 & 5, no. 3)
5, Kasrsutite in California (Holloway St Burnham, 1972, Table 4, no. 7, Table 9, no. 4)
Sg-1, Hornblende in hornblende gabbroio inclusion from Shigarami, Hagano Prefecture, Central Japan (Yamazaki, 
et al, 1966)
Sg-2, Hornblende in clinopyroxene bearing hornblende gabbroic inclusion from Shigarami, Nagano Prefecture,
Central Japan (Yamazaki, et al, 1966)
Kj-1, Hornblende in hornblende gabbroic inclusion from Kujiranami, Niigata Prefecture, Central Japan (Yamazai, 
et ul, 1966)
lht-1, Hornblende in hornblendite inclusion from Ichinomegata, Akita Prefecture, Central Japan (Onuki, 1965)
Ihg-1, Hornblende in hornblende gabbroio inclusion from Ichinomegata, Akita Prefecture, Central Japan (Onuki,1965)
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Appendix V contd. 
Amphibole Analyses
Sample No 120 132 153 37267 37262 37541
Si02 46-12 43.64 44-40 42.70 41.60 42.10
Ti02 2.30 2.67 1.69 I.4Q - 3.08 3.05
Al2°3 9.27 9.80 7-47 12.50 13.00 11.00
Pe2°3 12-51 15.07 21.61 10.10 10.70 11.90
MnO 0.11 0.15 0.26 - - -
MgO 13.95 12.28 9.34 15.50 I4.OO 13.90
CaO 11.62 11.75 10.72 11.90 11.90 ' 11.60
Na20 1.55 1.73 I.46 2.40 2.60 2.53
*2° 0.54 0.69 0.97 0.49 0.38 0.35
120, Fcrroan pargasitio hornblende in middle gabbroio rock, Guadalupe (Best A Morey, 1967)
112, Ferroan pargauitio hornblende in middle gabbroio rock, Guadalupe (Beat A Mercy, 19^7j
153, Ferroan edenite in Fe-rich gabbroio rock, Guadalupe 
3726'/, Magneaio-taramite in hornblende gubbro, New Zealand 
37262, Magneaio-taramite in hornblende gubbro, Hen Zealand
17541, Magneaio-taramite in gabbro, New Zealand (price A Sinton, 1970)
Beat A Mercy, 19^7) 
Price A Sinton,1 970)  
Price A Sinton, 1970)
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Appendix V contd. 
Amphibole Analyses
Sample No Ihe-2 SLRM354 SLHM30 sutxioa SLRH53 SLRM229B I - 3 H 1-27-1
Si02 41.16 44-71 48.55 45.19 48.17 47.81 41.20 42.48
Ti02 1.62 0.63 0.97 2.06 0.57 1.26 1.42 1.38
“ A 16.55 16.76 8.57 13.42 11.18 7.96 16.16 14.56
Pe2°3 10.08 8.94 11.75 (1.20 11.94 15.95 11.16 13.43
MnO 0.22 0.11 0.09 0.09 0.08 0.08 0.04 0.33
HgO 1**51 15.30 14.81 13.72 13.37 12.65 13.96 11.63
CuO 12.28 10.39 12.59 11.17 11.69 II.40 12.63 12.26
Na20 1.80 1.72 0.99 1.55 0.91 1.16 2.27 2.53
a 2o 0.31 0.11 0.16 0.21 0.14 0.71 0.62 0.41
3U1M354,
SLRH30,
SUlHtoa,
SLHH53,
SI.IIM229U,
1-31-4,
1-27-1,
Hornblende in cllnopyroxene hornblende gabbroic inclusion from Ichinomegata, Akita Prefecture 
Central Japan (Yamasaki, et al, 1966) ’ rre.ecvure ,
IIornblendp,Troctolite, S. California (Laruen A Draisin, 1950)
11 n  M 111 MMil A  A  L___  . I t .  a ft ft jk — i *Hornblende, Calcic hornblende-gabbro, S. California
Hornblende, Calcic hornblende-gabbro, 3. California
Hornblende, Calcio hornblende-gabbro, S.. California Vbuiuo
Hornblende, Horite Module, 3. California (Larsen k Draisin, 1950)
Pargaaite in pogmatitio hornblendite, Duke Island, Alaska (Irvine, 1974) 
Magnesio-taramite in hornblendo-anorthite pegmatite, Duke Island, Alaska(lrvina, 1974)
Larsen k Draisin, 1950 
Larsen k Draisin, 195Q1 
Larsen k Draisin, 1950
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